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I, "INTRODUCTION

Preliminary design and reliability analysis conducted on the turbo-
pump for the NERVA 75K full flow cycle engine, indicated that the turbopump
bearings were the most critical turbopump parts in meeting thg_lo hour life
at the required turbopump reliability of .99978. The analysis revealed that
significant reductions (approximately a factor of 3.25) in bearing loads would
be achieved by fabricating the rotating parts from titanium in lieu of A286
or 718. This is basically due to the difference in dens{ty of the materials
and the resulting mass effect on the location of the first and second “stick
mode" critical speeds. For the selected rotor configuration, the lighter
material has a "first critical" speed at approximately 36,000 rpm, while that
of the heavier material has a "first critical” at approximate]y.27,000 rpm.,

As the operating range of the turbopump is from 0 to 30,000 rpm, the heavier
material would have a "stick mode" critical in the operating range.-

The task of "selling" titanium as a rotor candidate material for a
centrifugal turbopump started in 1966 and culminated in an agreement in
June 1969 by SNPO-W to go ahead with the then current design. One outgrowth
of this agreement (among many others) was that any titanium material used
should be produced with ANSC specification control along each and every step of
the production process, i.e., "cradle-to-grave" control. This requirement
was imposed by SNPOFC-in order to accomplish the following three major :

objectives: -
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a. Insure that parts for actual TPA use would be very simf]ar
(metallurgically) to parts used in test programs.
b. Insure that follow-on parts could be produced in a manner

very similar to earlier produced parts (reproducibility).
C. Optimization of production through adherence to rigid speci-
fications in order to attain the highest possible material and structural

design allowables. /

With these broad objectives in mind, ANSC was enjoined to abandon a
rotor forging brogram using some existing heéts of material avgilable at
the selected forging vendor. 1nstead, a period of four months in 1970 -
1971 was devoted to the conception, coordination and completion of three
titanium specifications controlling the production and testing of titanium
sponge, billets and forgings ‘in support of a turbopump rotating‘components
reliability verification program (Reference 1 ).

Production of titanium forgings adhering to these three specifications

is the'subject of this report.

IT. ~ SUMMARY

Titanium die and paﬁbake forgings were produced using controlled billet
material. The majority of the forgings produced were utilized for fabrication
of turbopump component parts. The balance of the forgings were used for an
interim material test program conducted to assess the results of producing
material with ANSC specification control énd to confirm the structural adequacy

of the machined parts. Forgings ordered for specific test purposes, such as
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extensive fracture toughness test programs, were not produced. An interruption
of titanium production by a lengthy strike, which started in October 1971 and
continued to the time of the writing of this report, prevented further
material production.

Tensile and fracture toughness test programs were completed and verified
the superior quality and mechaniéa] properties of the subject material in both

gaseous and liquid hydrogen. '

re]iabi]ifies based upon the low flaw growth rates of the material in the

.__operating __environments of interest.

ITI.  SPECIFICATIONS

The NASA guidelines specified that titanium material for rotating

application was above all to be:
| 1. Completely traceable, back to the individual sponge lot
history, and,
2. Comp]éte]y reproducible, in‘brder to minimize lot-to-lot
variation.
In order to accomplish such requirements, a new forging specification
had to be written, and specificationsbfor billet and sponge material had to
be developed since no industry specifications for billet and sponge were in

existence,
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In general, the following procedure was followed to insure tﬁat
specifications were written which would meet the two overriding require-
ments stated above, and yet, would not be excessively burdensome for the

‘titanium producers to work to:
1. Review of existing industry Ti 5A1-2.5Sn ELI bar and forging
specifications, including:
a. Aerojet-General Corporation
b. North Americdn-Rockwe1]/Rocketdyne
c. Boeing Company
d. Pratt & Whitney Division
e. General Electric

2. Review of billet and sponge specifications, as available from
the titanium producers and forgers.

3. Coordination and cooperation with the major titanium broducers.
Using the above approaches, information was gradually accumulated which
enab]ed the writing of three specifications covering each product form re-
quired. The input hateria] and background for each specification is described
below. < |

Ti Sponge Specification, ANS 90296

There were no existing sponge specifications at the time that this work
was initiated. However, Reactive Metals Incorporated (RMI) made available an
in-house sponge specification, RMI Ti-001, and the ASTM sponge specification,
ASTM B299-69, which was based on RMI Ti-001, was also used. Somewhat after
the fact, the P & W specification PWA 1201, Titanium Sponge, was used for

comparison purposes, but it was loosely patterned after the ASTM specification,
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also, and contained nothing new. With the help of these documents and
coordination with both RMI and Titanium Metals Corpdration of America
(TMCA), the ANSC Specification ANS 90296 was written, covering sponge
production by the MgCl énd NaCl processes. Several major features of this
specification, included as Enclosure (1), were:

1. Requirement for 100% inspection.

2. Low sponge hardness (low oxygen content).

3. Stringent vendor réporting and certification requirements

to enable future reproducibility.

Ti Billet Specification, ANS 90295

- There was no existing titanium billet specification and reliance
had to be placed on input material supplied by the billet producers, RMI
and TMCA. In addition, rotating grade specifications used by Pratt &
Whitney, such as F12 and E52, were used as models for testing and non-
destructive inspection requirements. Subsequently, a section was added
requiring in-process beta transus &étermination and finish forging below
the beta transus temperature thus determined. The billet specificatipn
required billet traceability to the ingot and featufed chemistry‘chécks
for each end of each billet, mechanical property testing and extensive

non-destructive testing requirements. Some major features of the speci-

fication, included herein as Enclosure (2), were as follows:
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1. Billet size restricted to 8 inch diameter.

2. No recycled material (scrap) to be used in melt.

3. Tight chemistry with 125 ppm H2 Timit.

4, Primary and secondary melting controls on vaccum and power.

5. Process controls on welding of electrode, cleaning and coating,

macrograin and microstructure, and external and internal quality.
6. Ultrasonic inspection acceptance criterion of 3/64 inch max.
7. Extensive vendor reporting and certification requirements to
insure future reproducibility.

Ti Bar and Forging Specification, ANS 90297

Several Rocketdyne and Aerojet Specificatidns were used to draft a
premium grade pancake and die forging specification. Tﬁe following refefence
material, among others, was used:

1. Rocketdyne Specification MB0170-010

2. Rocketdyne Specification RB0170-079

3. Aerojet Specification AGC-90163.

In addition, the forging industry was approached for useful suggestions
and knowledgeable personnel at Battelle Memorial Institute, Boe%ng Company

and Lockheed Aircraft Company were personally contacted.
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The specification differed from conventional titanium specifications
in that it covered bars as well as both die and pancake forgings. The.
chemistry was tightened to make it consistent with the billet specification
and, of course, only ANS 90295 billet material was allowed for the forging
input material.

In order to insure high component reliability (by optimizing fracture
toughness), a very tight ultrasonic inspection acceptance criterion was
imposed on the two selected fofgers. This criterion'inc1uded a 1/64 inch
maximum diameter acceptance standard, as well as both longitudinal and shear
wave inspection and C-scan recording in order to.ﬁrovide a permanent record
of the internal quality of each forging. One of the selected forgers accepted
this requirement; however, the other forger would commit only to provide
forgings to the more standard requirement of a 3/64 maximum indication.

In order to minimize absorption of embrittling gas species, parts were
vacuumvannealed and, then; rapidly cooled, to preclude the formatibn of embritt]in;
microstructural phase transformations.

Mechanical properties were raised to higher than previously accepted limits,
including high ductility requirements.

A copy of the final version of the specificétion, ANS 90297, is included
as Enc]osure (3), and contains the following additional provisions:

1, Tighter H, and 02 content.

2. Surface quality with a tight (1/64 inch) flaw size acceptance

level.
3. Very fine equiaxed microstructure requirement.
4, Inspection and evaluations of a forging "try-out" to verify the

adequacy of the forging practice.
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5. Extensive vendor reporting and record keeping requirements
to insure future reproducibility of the part.
The three specifications described above were extensively coordinated
'by conferences and meetings with the affected organizations, including'the
titanium producers, major forging vendors, internal ANSC engineering and
quality control organizations and NASA SNSO C and SNSO-W engineering and
quality control organizations; the latter ver1f1ed the spec1f1cat1on scopes
~and contents, in turn, with NASA-Lewis Research Center and the Naval Research
Laboratory. Final approval was obtained, v]ate in 1970, from all affected |

0rgan1zat1ons, enab11ng re]ease of the specification and pav1ng the way, after

approx1mate1y five months, for mater1a1 procurement act1on.

Iv. "MATERIAL'ORDER'AND'PRODUCTION

A. HEAT K8930 (TMCA)

Five thousand pounds of 8-inch diameter billets, in 10-12 foot
random lengths, was ordered from the Titanium Metals Corporat%on of America
(TMCA). The billets were ordered to conform to ANS-90295A and applicable sub-
specification ANS-90296A (sponge), as well as ANS-9032, a quality standard
applicable to inspection of, and acceptance criteria for, surface flaws. An
additional requirement imposed on the producer originated with the primary

- forger (Arcturus Manufacturing Company), who required that the billets be
finish forged below the beta transus temperature, Enclosure 4, in order to

optimize subsequent die-forgeability. Additional, minor, deviations requested

by TMCA are included herein as Enclosure 5.
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Source surveillance started with on-the-spot inspection of the 8600
pounds of sponge planned for use in this procurement. The sponge was con-
veyed past inspectors at the rate of 700 pounds/hour. Non-metallic contam-
.inants and discolored sponge particles were removed by hand.

X-ray inspection enabled discrimination between normal density titanium
and high density contaminants. On the whole, the sponge appéared to be uni-
form in size and clean. Very Tittle contamination or discolored sponge was
found. Heat data made available by TMCA is included in Enclosure 6.

Following inspection of the sponge, a meeting was held concerning pro-
duction procedure documentation. TMCA had prepared an operations procedure
document for ingot manufacture. In it, new and additional exceptions to ANSC
Specification ANS-90295, covering electrode melting requirements, were
presented. The exceptions had to do with secondary melting cycle vacuum control
and power control requirements. It appeared that the pressure level must pur-
posely be increased at the end of the second melting cycle in order to control
the arc. To have held TMCA to 1000 microns throughout the second melting cycle
would have constituted a major process deviation for them and could have
unfavorably affected the ingot quality. Finite power interruptions also had to
be allowed due to arc characteristics during second melting.

Following inspection, the sponge was split into 24 weighed, equal
portions. Aluminum and tin additions, weighed out against pre-calculated
requirements, were added by hand; iron powder and titanium oxide were also
added. Finally, each of 24 barrels contained sufficient material to produce

one compact weighing approximately 300 1bs.
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Following a two-minute mixing cycle, the input materials were cold
pressed in an 8000-ton press into 24 semi-cylindrical compacts. Alloy
content of each compact was preplanned according to the compact location in
the electrode during melting. Accordingly, the input for compacts were
numbered 1 through 12 for each of the A and B electrodes and came off the
press in the proper order. This was necessitated by the varying mixing
action from the top to the bottom of the electrode during the melting cycle.

Compacts were conveyed %rom the press to the welding area where they
were plasma fusion welded together under Argon. Following welding, the welds
were wire brushed and blown clean. At this point, each electrode was ready
for primary melting.

The "A" electrode was assembled to a header and lowered into a sub-
surface, pre-cleaned crucible. The crucible was evacuated to approximately
500 microns; water cooling systems, for cooling of the crucible, had been
checked previous]y.to 1nsuré against leaks.

Melting of the "A" electrode, followed by melting of the "B" electrode
on top of the "A" melt, proceeded without incident. A vacuum level of 700
micrpns was maintained throughout the primary melting cycle. The voltage
and amperage levels and fluctuations appeared to be normal and, according to
TMCA personnel, the primary electrode looked typical. |

Subsequent processing of the electrode was carried out by TMCA (without
ANSC surveillance) as follows: The primary electrode was
cleaned by high pressure water spraying and acid pickling. A holding assembly

was welded in place and the second vacuum melt was conducted.
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ANSC was informed that the second melt was typical, interrupted on]x
by several momentary voltage spikes due to arc shorting. Vaccum was |
maintained at from 300-350 microns during the melting (compared to 1000 microns
allowed in the ANSC Specification). Following the final melt, the ingot waL
machined and prepared for shipment to the TMCA forging plant in Toronto, Ohio
where the ingot was scheduled to be reduced to the 8-inch diameter billets
ordered by ANSC.

Ingot chemistry, prior to shipment, was determined, as shown below,

and was acceptable according to ANSC Specification ANS-90295.

" 'CHEMISTRY OF ANSC HEAT K8930

ELEMENT HEAT K8930 ANSC 90295
Aluminum 4.9 ' 4,7 - 5.6
Tin : 2.3 2.0 - 3.0
Manganese 0.003 0.03 max.
Iron 0.165 0.25 max.
Oxygen 0.078 0.12 max.
Carbon 0.026 0.05 max.
Nitrogen .. 0.0085 0.04 max.
Hydrogen 0.003 0.0125 max.
Chromium B <.001 0.05 max.
Molybdenum : '<.001 0.05 max.
Vanadium <.001 0.05 max.
Magnesium <.001 0.05 max.
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ANSC surveillance was now transferred to TMCA's Toronto, Oh{o Plant,
where ingots are received, conditioned, and forged. |

The ANSC ingot was received by the Toronto, Ohio mill in the rough-
turned condition. A refractory protective coating was then applied to the
ingot prior to heat-up to minimize hydrogen pickup. |

The ingot was heated to 2200°F in preparation of upsetting from 70-
inch long to 49-inch 1Qng,fo11owed by the sequence of heating, forging and
cooling events shown in Enclosure 7.

The ingot forging was completed successfully and expeditiously, and
mill schedules were changed to finish forging as quickly as possible. Extra
forging steps and precautions were taken to optimize the material quality,
such as ingot upsetting, water quenching, 1840°F finish forging temperature
and insertion of the intermediate 9-1/2 inch diameter forging step.

The T and T2 bars were scheduled to be shipped to Arcturus Manufacturing
Company for use in rotor forgings, depending on ultrasonic, mechanical pro-
perty and micro and macrostructure test resu]ts.of the five billets produced.

The billets were prepared for nondestructive inspection by lathe
turning to a surface finish of 125 RMS. In accordance with Specification
ANS-90295A, the billet inspection standard was to be made using a piece of
randomly selected billet.

The material initially selected for ultrasonic calibration standards
was taken from the top end of the billet that had been identified as "B",
having been forged from the bottom portion of the ingot. The supplier was

unable to calibrate the ultrasonic settings to the standards made from the
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"B" billet due to high noise and low penetration caused by excessive scatter
and absorption. An evaluation and comparison of nofse levels in the actual
billets were made, and it was determined that ultrasonic calibration standards
-could be developed from the bottom portion of the "T" billet. New calibration
standards were fabricated from the "T" billet and ultrasonic settings Qere
successfully calibrated for longitudinal and shear wave testing. Billets
beginning with "T" through "T-4" (including "B") were longitudinally and
shear wave tested and no discrepancies were detected. The noise levels ex-
perienced at the start, half way through and at the end of each billet were
- recorded. A back reflection test was tried on two billets, only, and the
testing of the balance of billets discontinued. Set up for back reflection
was made and started from the top end of the billet and, at about a fifth of
the Tength, the loss of back reflection exceeded fifty percent. When the
setup was made at the opposite end (at the bottom end of the billet)
all billets passed the back reflection test. Conversely, all billets failed
to pass the test on setups made from the top end of billets. .From the ultra-
sonic back reflection test results observed, the supplier advised these tests
would have no meaning. In addition, it was learned that there had been a
temperature gradient in the furnace from the front to the back enq during
the heating for the forging process. The bottom ends of the billets were
located at the back end of the furnace and the top ends in the front at a
lower temperature. Macrostructure photos confirmed that Tower temperatures were
experienced at the top ends of the billets. The ultrasonic noise levels ex-
perienced during testing tended to follow the same pattern in each billet.
Enclosure 8 shows the material source for, and the design of the ultrasonic

standards used., MNon-destructive testing is discussed in Section VI of this

report.
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Complimenting the ultrasonic loss of back reflection due to micro- E
structure, it was determined that the beta transus temperature limit had |
been violated during billet forging; beta transus checks made after the ;
billet processing had been completed indicated that the beta transus was
inordinately low, 1830°F, probably due to the rigorous production and chemistry
controls imposed by ANSC. Consequently, final forging was carried out at up
to 10°F above the beta transus.

Extensive microexaminations were conducted on all five TMCA billets.

Results of these examinations are described in Figures 1 thru 14 and below:

BILLET LOCATION REFERENCE

" S/N IN BILLET ~ TYPE OF ALPHA STRUCTURE 'FIGURE NO.
T Top Part]& equiaxed alpha 1, 2
(Top of Ingot) Middle | Transformed, fine alpha 3
Bottom Transformed, fine alpha 4
T2 Top Partly equiaxed alpha 5
Bottom- Transformed alpha 6
T3 Top Equiaxed alpha : 7
Bottom Transformed alpha 8
| T4 Top | Part]y equiaxed alpha -9
| .Bottom ‘ Transformed alpha 10
B Top " Equiaxed alpha 1, 12
(Bottom of Bottom Partly equiaxed alpha 13, 14

Ingot)
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Figure 1

Heat K8930 100X Heat K8930
HNO3/HF etched. HNO3/HF etched.

100X

Transformed alpha 3/4 inch from Predominantly equiaxed alpha
surface of top of T billet.

2 in. from surface of top of
T billet.



Figure 3

Heat K8930 100X
HN03/HF etched.

Transformed alpha 1 1/2 inch from

surface at mid-length section of
T billet.

N8300R:72-103
May 1972
Page 16

5 \ﬁ‘:\» \‘\ b Q‘;\% 3

) \ R ::\ MY

TR :\}r;\ : (O

) RN PO
"n\‘.:\\\\‘ N :~A\§§ ’ \“. N
: \\): N\ \\\\\\ i\ \ ‘:\

&: .\-\\"» N “u‘&\&\ :\ “‘ ‘. U \’\ : "
Lol N LAY .,

Figure 4

Heat K8930 100X
HNO3/HF etched.

Transformed alpha 2 in. from
surface at bottom of T billet.
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Figure 5

Heat K8930 100X
HNO3/HF etched.

Transformed alpha 0.9 inch from
surface at top of T2 billet.
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Figure 6

Heat K8930 100X
HNO3/HF etched.

Transformed alpha 2 in. from
surface at bottom of T2 billet.
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Figure 7 Figure 8

Heat K8930 100X Heat K8930 100X
HN03/HF etched. HNO3/HF etched.
Predominantly equiaxed alpha 2 in. Transformed alpha 2 in. from

from surface of top of T3 billet. surface of bottom of T3 billet.
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Figure 9 Figure 10

Heat K8930 100X - Heat K8930 100X
HNOB/HF etched. HNOS/HF etched.
Mixed equiaxed alpha 2 inch from Transformed alpha 2 inch from

surface of top of T4 billet. surface of bottom of T4 billet.



Figure 11

Heat K8930 100X
HNO3/HF etched.

Mixed alpha 0.9 inch from
surface of top of B billet.
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Figure 12

Heat K8930 100X
HNOB/HF etched.

Equiaxed alpha 2 inch from
surface of top of B billet.



Figure 13

Heat K8930 100X
HNO3 /HF etched.

Mixed alpha 1.05 inch from surface
of bottom of B billet.
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Figure 14
Heat K8930 100X
HNO3 /HF

Mixed alpha 2 inch from surface
of bottom of B billet.



N8300R:72-103

May 1972

Page 2?2

The above results indicated that the billets had been subjected to

a 20-30°F thermal gradient which apparently bridged the 1830°F beta transus,
causing some parts of each billet (except the B billet) to exhibit a trans-
formed alpha microstructure. Since large portions of four billets were
affected, there was no possibility of cropping and rejecting such affected
areas. Subsequent telephone coordination with Arcturus Manufacturing Company
indicated that the transformed alpha microstructure coh]d be satisfactorily
forged-out by cross-forging the material prior to the final die-forging.
This was to be accomplished by heating and forging cycles which break-up and
agglomerate the fine.a1pha platelet structure. The forgeability of the
material was demonstrated by TMCA. A two-inch thick sTice was forged down
to 3/4 inch at a forging temperature of 1750°F. Test results, shown in Table I,
indicated satisfactory forgeability and mechanical properties in excess of

those reqgired by the ANSC titanium forging specification, ANS=90297.

TABLE 1

ROOM TEMPERATURE MECHANICAL PROPERTIES OF TMCA Ti 5A1-2.5 Sn
- ELT HEAT AFTER FORGE = DOWN FROM 2-INCH THICK SLICE

' UTS TYS - % EL. %
" "HEAT NO. PRODUCER (KSI) ~(KSI) “IN2 IN. ‘R'OF A
K8930* TMCA 122 113 14 30
ANS-90297  (Requirement) 110 100 12 25

*Average of four tests.
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On the basis of the acceptable macrostructure, as required by .
'Specification ANS-90295, the exceptionally good mechanical properties showA
in Table I and Arcturus' indicated ability to alter forging practice to
accommodate billets with transformed alpha microstructure, the billets were
considered metallurgically acceptable and were expected to produce satisfac-
tory die forgings. Consequently, it was decided to ship all five billets to
both Arcturus Manufacturing Company and Carlton Forge (the second forger).

Certifications of shipments, iﬁc]uding individual billet characteristics

and forge-down tensile properties, are presented in Enclosure 9.

B. HEAT 804722 (RMI)
1. Production per ANS-90295A

In order to obtain a broadly based statistical design
allowable for fracture toughness properties, a second 5000-pound heat of billet
material was ordered from Reactive Metals, Incorporated (RMI). Billets were
ocrdered in the same 8-inch diameter size and in 10-12 foot random Tengths.
Billets were to conform to the same specifications as discussed aboye, and,
again, a finish forging temperature 1limit was imposed, Enc]osure.lo.

Source gurvei]]ance started during the early stages of the
electrode build-up.

RMI ‘sponge was examined after it had already been split into
small portions contained in paper bags. Although very little sponge cou]d'be
inspected, it appeared to be uniform in size, clean and free from oxide dis-

colorations.
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The sponge was weighed out from an elevated tote bin
into pre-placed brown paper shopping bags. Premixed portions of aluminum,
tin and iron were drawn into the bag along with the sponge. The manner of
feeding the input materials into each bag had the effect of distributing the
alloying materials into layers which were easily discernible after compacting
of the mixture.

‘ The 352 bags, loaded with 27-1/4 pounds of sponge and alloy,
were now ready for compacting {nto 88 electrode sections. . Input material
identification was as follows:

Sponge Lot 1184 I - 3054 1bs )
Sponge Lot 1186 I - 3273 1bs ) Sponge Blend 4774
Sponge Lot 1187 I - 3331 1bs )

(Not al1 of the above sponge lots were used.)

Chemistry certifications of sponge lots met the requirements of ANS-90296-3.

Certification of alloying elements indicated the following
lots were used:

Aluminum pellets - Lot 67

Tin Wire : - Lot 63

Iron Clippings - Lot 67

Compacting was performed by emptying the contents of three
bags of material into a die cavity. Following pressing, a fourth bag was
added and pressed, resulting in an approximately 109-pound compéét. Forty-four
of these were aligned in a rack, tied together by steel straps and prepared

for welding.
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The RMI compact welding method was superior to TMCA's
in that welding was performed in a sealed and evacuated (to 500 microns)
glove box, subsequently back-filled with 1/2 psia of Argon. Welding was
~ performed by arc welding with commercially pure welding rod made from 3/8
inch thick plate. In addition to welding the compacts together, a lifting
and handiing section called a header was welded to the electrode using four
Ti 5A1-2.5 Sn ELI straps approximately four inches wide by 1/2 inch thick,
called spacer bars. -

Spacer bars were assembled such that the length from the
top of the header to the bottom of the electrode was compatible with the
crucible depth during melting. Approximately four hours were required to
make the many compact-welds required to hold the electrode together for

melting.

Welding material identification was as follows:

Weld Rod: Grade 446 Lot 779
Spacer Bars: Grade 461 Lot 338
- Header: Heat 293110 - 462B

The appearance of both the A and B e]ectrodés was similar;
j.e., welds were clean and shiny but adjoining areas were covered by a black
deposit. Several RMI personnel were contacted relative to the black deposit
before a consensus was reached thét the black material was a titanium oxide
caused by heat-up in a partial vacuum. Since oxide is needed in the alloy,

RMI refused to remove the black deposit.
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A crucible was selected which was water cleaned and
wire brushed, rather than sand blasted. The crucible was assembled to
a furnace and the A electrode installed. Routine water and vacuum system
‘checks were made followed by primary melting of the electrode. Vacuum was
recorded by visual checking of vacuum level displayed on a portable Stokes
Vacuum Gage. Melting was normal and was conducted at norma]Aamperage and
voltage levels and at a vacuum_]eve] of 200-400 microns.

Appearance of the ingot following melting was typical,
according to RMI. The header from the B electrode was intact, as were the
spacer bars and 1/2 of the top compacts; i.e., no header/spacer material was
melted into the ingot.

The second vacuum melting was not witnessed by ANSC
personnel, but it was reported by RMI that it was as successful and uneventful
as the primary melting cycle. The resultant 30-inch diameter ingot was pre-
pared for breakdown to billets. However, a change was requested by ANSC requiring
that only two 8-inch billets be made and that the remaining material be retained
in the 19-inch square intermediate stage in case titanium housing components
were needed in the future. RMI had geared their processing operations through
a series of forging steps of pr&gressive size levels with specified heat treat-
ments for each of the forging .size levels in order to achieve the spécified
chemical and physica1 properties per ANS-90295/A when the forging processing
was complete for the eight-inch diameter billets. RMI advised, in order to
obtain these specified properties per ANS-90295/A for the nineteen-inch billet,

they would have to make a complete reassessment and replan their processing
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operations. The processing of the ingot had been initiated in the shop;
in fact, the ingot had been in the furnace several hours in preparation
for the first forging operation. Stopping operations at this time (in order
'to design and develop new processing procedures for the ﬁineteen—inch
billets), RMI advised, might have disastrous results. It-was decided to
continue with the operations as planned for the first forging operation and
in the interim, resolve the nineteen-inch billet procurement with ANSC.
Subsequently, RMI and ANSC determined that when the forgiﬁg operations, as
initially planned by RMI, had progressed to the nineteen-inch square size,
the billet would be parted. Sufficient material was to be removed from
the top portion of the nineteen-inch square billet to provide for the fabri-
cation of two eight-inch billets ten to twelve feet in length. The remaining
(bottom) portion of the nineteen-inch square billet was to be retained pending
resolution and further instructfons from ANSC. RMI continued processing the
eight-inch diameter billets from the top portfon of the nineteen-inch billet.

The first forging operation involved ubsettiné, whereby

the thirty-inch diameter by seventy-eight-inch long ingot was'compressed to
thirty-one inches in length and drawn longitudinally to a thirty inch square
cross section. In a seriég of»concUrrent heat treating and forging operations,
the thirty-inch billet was drawn longitudinally to a twenty-four inch square,
and then to a nineteen-inch square. The billet was é]]owed to cool sufficiently
for hot grinding of the surface to remove surface defect;. After grinding,
the nineteen-inch bi]]eﬁ was annealed, cooled and cold cut to remove (from
the tbp portion). material for the two eight-inch diameter billets. RMI con-
tinued processing the removed top portion through heat treating and forging

procedures as follows: The nineteen-inch square was drawn longitudinally
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to a sixteen-inch square and subsequently to a twelve-inch octagon. Again,
“after sufficient cooling, the billet was hot ground. When completely coo1éd,
the billet was cut into two pieces. The two 12-inch octagon cross section‘
billets were then successfully converted to 8-3/8 inch diameter bif]ets.
After cooling, the billets were reidentified by stamping on the diameter at
the top end of each billet; the first billet was identified with the letter
"T" and the second billet, "T1",

Photographs of the microstructures at the top ends of the
two billets produced by RMI are shown in Figures 15 and 16. RMI also over-
estimated the beta transus temperature and instead of 1890°F, the beta transus
was determined to be 1840 + 15°F. Consequently, RMI also forged the billets
at, or just above, the beta transus temperature. As in the case of TMCA,
the reason given by RMI for this error was the better than average purity of
the sponge used and its lower than usual oxygen content. Again, after con-
sulting Arcturus Manufacturing Company, it was determined that adequate Teeway
existed in the titanium forging practice at Arcturus to permit satisfactory
cross and die-forging of this billet material.

Arcturus had a reputation in the titanium industry for
attempting to force reforms aimed at improving the microstructure of titanium
billets. In the past, Arcturus had to absorb losses from forgings which
were scrapped because of improper.billet microstructure; they had that exper-
ience with mahy heats of Ti 6 Al-4V and blamed it on improper temperature con-
trol during billet forging. Arcturus obtained their portable polishing de?ice
in order to enable them to perform metallographic examinations anywhere on a

billet surface. Where billet microstructure was clearly unacceptable, the
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Heat 804722 100X Heat 804722 100X
HNOB/HF etched. HNO3/HF etched.
Transformed alpha in top of Transformed alpha in top of

T billet. Tl billet.
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billet was rejected and returned; however, in marginal cases, Arcturus had
success in improving the billet microstructure by szcritica] cross-forging;
i.e., upsetting and drawing forging multiples at temperatures well below the
-suspected beta transus temperature. The technique was not radical, but had been
provensand was considered particularly suitable to the ANSC material due‘
to the small billet diameter and Tow input weights required for the relatively
small rotor forgings.

The u]trasoﬁic characteristics of the RMI billets verified
the transformed nature of the alpha structure; i.e., the noise level was low
and within the limits of ANS-90295A.

No defects in excess of 3/64 inch diameter were noted.

The fine macrograin, goqd mechanical properties and satis-
factory ultrasonic characteristics of these billets were expected to result
in satisfactory die-forgings.

Subsequent to processing of paperwork documenting the

above deviations, the billets from RMI were shipped to the forgers.

2.  Production per ANS-950295B

Fo]]owiﬁg the forging, by both TMCA and RMI, of their
respective heats of material above the beta transus temperature, a work
stoppage was imposed on the forger by SNSO. After a series of meetings
between SNSO, ANSC and Arcturus Manufacturing Company, it was concluded by
SNSO that the material shipped to date would only be acceptable for TPA
S/N 1; further TPA components, and the parts needed for the 144 test Ki
program, would require material which had been forged below the beta transus
in order to assure future reproducibility. A revision to the billet speci-

fication was effected and the 3200 1bs of material retained at RMI in the
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form of 19 inch square billet was to be finished in accordance with
ANS-90295B. The first requirement was to make an accurate determination
of the actual beta transus. The following procedure was used:

The nominal beta transus temperature of RMI heat 804722
was redetermined. The material used for the determination came from the top
of the "T" billet. A 2-inch slice which had been previously forged down to
1/2 inch thick at 1750°F was further reduced to 0.150 inch thick by rolling
at 1700°F. A heavily forged microstructure is preferred for alpha and beta
transus determinations because small incremental changes in recrysta]]ization‘
temperature bring about noticeable effects in microstructure,

A Satec cylindrical furnace, used for tensile specimen
heating, was used for the transus determinations. Three thermocouples were
located at 6-3/4, 8-1/4 and 9-3/4 inches from the furnace top. The titanium
sample was to be located in the ernace area corresponding to the 8-1/4 inch
thermocouple location. Chromel-alumel thermocouples, prechecked against a
standard were used.

The furnace was calibrated at settings of 1750, 1800 and
1850°F. The furnace was then reset to 1750°F and feca]ibrated prior to

inserting the first beta transus specimen, with the results shown in Table II.
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TABLE II
"~ BETA TRANSUS FURNACE CALIBRATION RESULTS
FURNACE THERMOCOUPLE THERMOCOUPLE THERMOCOUPLE
TEMP. SETTING #1, 6-3/4 IN. #2, 8-1/4 IN. #3, 9-3/4 1IN, RANGE
C°F - FROM TOP FROM TOP =~ FROM TOP °F
1750 1755 1748 1744 11
1800 1797 1801 1804 7
1850 1851 ' 1851 1856 5
1750 1745 . 1748 . 1748 3

Based on the above, a beta fransus temperature correction
of 5°F was applied (one-half the maximum beta transus furnace calibration
range). However, since each beta transus aetermination specimen was closely
monitored by the #2 thermocouple, the temperature correction cited above was
conservative by a factor of 2.

Following the furnace calibration, 1/2 inch x 1 inch titanium
specimens were suspended into the furnace such as to be adjacent. to the #2
thermocouple. Specimens were introduced at 10°F intervals, starting at 1750°F,
soaked 30 minutes and water quenched. The specimens were steel stamped 1
through 12 with the #1 specimen retained in the "as-rolled" condition. During
the 30 minute soak at temperature, thermocouple readings were taken at 5 minute
intervals in order to determine the temperature variation at each setting,

as shown in Table III, - 1
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TABLE III ?
"BETA TRANSUS DETERMINATIONS

'FURNACE TEMPERATURE VARIATION i

MAXIMUM TEMPERATURE

SPECIMEN FURNACE VARIATION OVER 30 MIN SOAK, °F
‘NO. 'SETTING, °F " (#2 THERMOCOUPLE ONLY)"
2 1750 1
3 1760 . 1
4 1770 0
5 1780 3
6 1790 5
7 1800 4
1810 3
9 1820 2 (Highest: 1819°F)
10 18301 4 (Lowest: 1828°F)
11 1840 3
12 1850 2

Following quenching, the specimens were metallographically
prepared by polishing and etching with nitric-hydrofluoric aéids. Carefui
examination of sections parallel to the specimen rolling direction indicated
that the alpha transus may have been in the 1780-1790°F region; however, the
first evidence of alpha prime was difficult to resolve at the relatively low
magnifications used (up to 500X). The beta transus, at which all alpha is
present as a transformation product, was easily determined to be between 1820°
and 1830°F. Therefore, the nominal beta transus temperature for Heat 804722 was
1825°F. A furnace chart record of the lab furnace calibrations as well as each

beta transus heat-up and soak is included as Enclosure (11).
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Photomicrographs of the "as-rolled" microstructure as
well as each as-quenced beta transus microstructure are presented in Figures
17 through 28.

The determinations described above satisfied two of the
three variables required for establishing the maximum finish forging temper-
ature, viz., the nominal beta transus, 1825°F, less one-half the max imum lab
furnace variation, 5°F; determination of the remaining variable, the forge
shop furnace calibration is described below.

Finish forging of Heat 804722 19-inch billet required a
furnace temperature survey of the furnace, or furnaces, which RMI planned to.
use. Accordingly, RMI had rebricked the door of Furnace #42 and had made
var{ous calibration runs at 1950 and 1800°F, as shown in Enclosures (12) and
(13). Following some cohtro] instrument adjustments, the furnace demonstrated
an overall temperature variation of 37° at 1800°F. The furnace zone that was

covered in all these calibrations is defined by the following dimensions:

The central 15 feet along the furnace 1eng£h
(Total Length is 21 feet) '

The cen%ra] 7 feet of the furnace width
(Total Width is 13 feet)

The bottom 2-1/4 feet of the furnace
' (Total Height is 7-1/4 feet)

Calibration was performed with the use of three thermocouples
lowered through ports in the furnace top to distances of 8 and 27 inches above
the furnace hearth. RMI had decided that the billets should be finish forged,

at 1775°F, rather than 1800°F. Consequently, a furnace calibration run of
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200X FIGURE 17 HF /HNO4

Appearance of Ti 5A1-2.5Sn ELI Heat 804722 (RMI) in the "as-
rolled" condition. Microstructure consists of severely distorted
primary alpha.

200X FIGURE 18 HF /HNO4

Effect on microstructure of 1750°F - 1/2 hr., followed by water quench.
Microstructure is still predominantly elongated showing approx. 25% re-
crystallization to equiaxed, primary alpha.
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200X FIGURE 19 HF /HNO4

Effect on microstructure after 1760°F, 1/2 hr., followed by water
quench. Microstructure is almost entirely recrystallized with approx.
15% of area still showing effects of rolling.
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200x FIGURE 20 HF /HNOq

Effect on microstructure after 1770°F, 1/2 hr., followed by water
quench. An additional few percent has recrystallized to equiaxed, primary
alpha. '
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200X FIGURE 21 : HF/HNO3

Effect on microstructure after 1780°F, 1/2 hr., followed by water
quench. Microstructure is now 100% recrystallized to equiaxed, primary
alpha. No evidence of heating above alpha transus is as yet evident.
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200X FIGURE 22 HF /HNO

Effect on microstructure after 1790°F, 1/2 hr., followed by water
quench. Heavy appearing grain boundaries gives first indication of
possible heating above alpha transus.
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200X FIGURE 23 HF /HNO4

Effect on microstructure after 1800°F, 1/2 hr., followed by water
quench. Fine,dark structure to left of center and in grain boundaries
is interpreted to be transformation product, or alpha prime. Alpha
transus is, therefore, between 1780 and 1800°F.

200X FIGURE 24

HF/HNo3

Effect on microstructure after 1810°F, 1/2 hr., followed by water

quench. Darker etching areas, constituting 15-20% of field, are inter-
preted as alpha prime. .
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200X FIGURE 25 HF /HNO4

Effect on microstructure after 1820°F, 1/2 hr., followed by water
quench. Equiaxed primary alpha is present as isolated, discontinuous
grains. Continuous phase is alpha prime.

200X FIGURE 26 HF/HNO3

Effect on microstructure after 1830°F, 1/2 kr., followed by water
quench. Microstructure is 1007 alpha prime showing beta transus has been
exceeded. Transformation product is present in acicular form, in preferred
orientation and within prior beta grain outlines.
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200X FIGURE 27 HF/HNO3

Effect on microstructure after 1840°F, 1/2 hr., followed by water
quench. Same microstructure as previous figure but slightly heavier
etching of alpha prime, possibly due to coarsening of needles.

200X FIGURE 28 HF/HNO3

Effect on microstructure after 1850°F, 1/2 hr., followed by water
quench. Same microstructure as previous figure.
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furnace #42 at 1775°F was witnessed. Following adjustment of the calibration
potentiometer, three thermocouples were alternatively lowered through the
ports at the back of the furnace to the 8 inch hearth elevation, allowed to
soak 1-2 minutes and the temperatures read. This process was .repeated after
raising the thermocouples to the 27 inch e]evation; The same procedure was
followed at the other nine furnace port locations, and the resultant temper-

ature variation of 46°F was used to establish the maximum finish forging

metal temperature, as follows:

Nominal Beta Transus - 1825°F
Less 1/2 max. transus furnace range - 5°
Less 1/2 forging furnace range - 23°

Maximum finish forging temperature: 1797°F

Since the maximum billet temperature, with the furnace
set at 1775°F, will actually be 1792°F (see Enclosure 14), thé real safety .
margin between metal temperature and the adjusted beta transus of 1820°F was
28°F, far in excess of the additional 5° required to accommodate‘energy dissipation
from forging. Results of Fhe 1775?F furnace calibration is shown in Enclosure
(14). |

The billet was preheated in furnace #43 at 1350°F for eleven
hours. The furnace temperature was raised to 2000°F and held for 8 hours. The
billet was forged in a 3000 ton press to 16 inch square without incident. A
1950°F calibration run on furnace #43 is included for general information, only,

as Enclosure (15).
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Following beta forging and a 1/2 hour air cooling, the
billet was charged into furnace #42 and allowed to soak at 1775°F for 4
hours. It was then forged to an 11-inch round-cornered-square in a series
-of sevén passes through the press without need for reheating. This was an
added forging step over what was used for forging the "T" and "T1" billets
earlier and was needed to accommodate the 75°F lower forging temperature;
the first two billets were forged directly to 8 inch from 16 inch.

After comp]étion of forging and wnile the billet was still
hot, it was cut into three pieces approximate1y 4 feet long. These were
identified by steel stamping the bottom of the bottom piece "B", the bottom
of the middle piece "BA" and the bottom of the top piece "BB". The three

jeces were cooled and prepared for "conditioning", as follows:
P prep

Surface Ground

Stress Relieved at 1350°F

Sand Blasted - ,

Pickled in nitric/hydrofluoric acid for 1/2 hour.

Following conditioning, the three billets were recharged
into furnace #42, set at 1350°F. They were held at that temperature for
13-1/2 hours and then held 3 hours at 1775°F.

During forging to an 8-3/4 semi-octagon, each bi]iet deve-
Toped cracks along their sides which required extensive grinding to remove.
These cracks were, at first, attributed to an improperly radiused forging die;
however, increasing radiant heat transfer resulting from the increasing surface
area - volume ratio (in addition to the initial lower forging temperature)lis
considered a more 1iké1y reason, From the 16 inch square configuration to the

9 inch square at which cracking was noted, this ratio increased 70%.
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Subsequently, the billets were finished to 8-3/8 inch
rounds without further incident.

Chemical analyses and tensile tests were performed on twq

of the billets with the following results:

CHEMISTRY
LOCATION*  C N Fe Al Mn sn o 0p H2 (ppm)
1B 0.02  .008 .22 5.0 <.01 2.5 .059 68
B 0.01  .008 17 5.0 <.01 2.5 .064 79

Tensile tests were made on a section of billet which had
been forged down from 2 inch to 3/4 inch thick at 1700°F, followed by annealing

at 1500°F, 1 hour and air cooled. The following results were obtained:

UTsS TYS % %

LOCATION* (KSI) " (KSI) ET1 ‘R OF A
1BB 122 111 18 49
B 117 108 -21 46

Both the chemistry and the mechanical properties were well
within the requirements of ANS-90295B.
At this time, a strike at RMI prevented further processing

of these three billets and they were not available for forging.

* 1BB represents the top of the first (or top) billet produced from the original
19 inch square semi finished billet; B represented the bottom of the last (or
bottom) billet produced. (See Figure 29.)
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RMI BILLET LOCATION

1BB
1100#
BB
TOP '
1BA
8304
BA
BOTTOM
b 1OV e
1B
9604
B

FIGURE 29
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V. 'FORGING "PROCUREMENT HISTORY

The purchase orders to Arcturus Manufacturing Company and ANSC partici-
pation during forging will be discussed below. A second procurement placed
-'with Carlton Forge Works to produce second stage impeller forgings, P/N 1138575
| and second stage rotor forgings, P/N 1138578, was never fully activated and no
forgings were produced; the reason for this was the interruptfon in ANSC titanium
procurement by the titanium producers' strike and SNSO refusal to allow use of
available TMCA Heat K8930 matefia].

Purchase Orders N-00554, 00555, 00556, 00557, 00558, and N-01405 were
placed calling for production of first and secohd stage impellers, first and
second stage turbine rotors and inducers. The forgings ordered on Purchase
Orders N-00554 thru N-00558 were for turbopump components and the forgings
ordered on Purchase Order N-01405 were for the 144 specimen material test pro-
gram outlined in Reference 1. A1l parts ordered for turbopump application were
to be from TMCA supplied material. Both RMI and TMCA matérial was fo:bé used
for the material test program forgings. Forging quantities and serial numbers
of each order are shown in Table IV. A11 parts, with the exception of the
inducers, were to be primarily die forged; the inducers were to be open hammer
pancake forged. |

On ANSC dinstructions, TMCA shipped the following four bi]]ets‘to Arcturus:
billets B, T4, T2 and T, which represented the billet from the bottom of the
ingot (B), the next-to-the-bottom billet (T4), and the two billets from the tdp,
T and T2. In addition, one of the two RMI billets, T, was a]so'shipped to
Arcturus. The remaining tWo billets, TMCA billet T3 and RMI billet T1, wefe

shipped to Carlton.



ANSC
P.0.

N-00554

N-00555

N-00556

N-00557

N-00558

N-01405

FORGING

" PART 'NO. .

1138579-1C

1138579-2C

1138578-1E

1138577-1D

1138576-1E

1138575-1D

1138575-1D

1138578-1E

1138575-1D

1138578-1E

TABLE IV

\
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FORGING ORDERS TO ARCTURUS MANUFACTURING CO.

PRIOR TO SNSO STOP ORDER

""" FORGING DESCRIPTION

Inducer

Inducer (Second Impeller
Insert)

Second Stage Turbine Rotor
First Stage Turbine Rotor
First Stage Impeller

Second Stage Impeller

Second Stage Impelier

Second Stage Turbine Rotor

Second Stage Impeller

Second Stage Turbine Rotor

- QryY

ANSC
'SERIAL NO.

i
i
\
i
|

BILLET
MATERTAL
SOURCE

5

880001
880002
880003
880007
880009

880004
880005
880006
880008
880010

880001 -
880002
880003
880004
880005

880001
880002
880003
880004
880005

880001
880002
880003
880004
880005

880001 .
880002
880003
880004
880005 -

880006
880007

880006
880007
880008
880009
880025
880027

880008
880009
880010

880010
880011

880012
880013
880014
880026
880028

TMCAE
TMCA
TMCA
TMCA
TMCA
TMCA

TMCA

TMCA

Reactive Metals

Reactive Metals
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Subsequently, ANSC was notified by Arcturus that the billets had
been received and ANSC personnel were dispatched to review the billet micror

structure and the proposed forging practice to be used,

The TMCA B and T4 bars and the RMI T bar were subjected to
portakle electro polishing and microstructure examinations by Arcturus.
Following these checks, a meeting was held to discuss the results.

The microstructures were reviewed and discussed and the micro-
photos shown in Figures 1 through 14 were made available. A set of these
same TMCA microphotos had previously been sent to Arcturus by TMCA and had
been examined. Arcturus reiterated that the transformed alpha microstructure
would be improved by preliminary cross-forging steps and foresaw no problems.
A decision was made to cross-forge gll_thé billet starting stock regardless
of billet microstructure orsource. Arcturus planned to make a try-out
forging of each configuration starting with the smallest forging (2nd stage
rotor) and check to see that the as-forged microstructure was fine and equi-axed
prior to forging the next ?1gger part.

In addition, Arcturus' forging procedures, Appendix 4, were
reviewed and ANSC comments relayed back to ANSC-QC prior to initiation of actual
forging. Subsequently, ANSC'was to monitor the forging and acéeptance testjng
of each of the first article (try out) forgings.

The procedureé were reviewed and were generally acceptable; areas
requiring change were in the latest heat treatment requirement, described in
the "B" revision of ANS-90297, and in the chlorine and sulphur contamination

l1imits of the dye penetrant used.
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It was suggested by Arcturus that the available TMCA baré be
forged first, and separately, from the RMI "T" bar. Arcturus had allocated
the required project and materials test forgings such that the small forgings,
‘requiring the least reduction, were to come from the best billet (the "B"
billet) and larger forgings incorporating heavy die forging operations were
to be forged from billets characterized by mixed or predominantly transformed
alpha microstructure. In addition, the mostAdifficu1t—to-f0rge part, P/N
1138575, was to be forged from.one of the two best billets (the T4 billet).
This approach was relayed both to ANSC management and SNSO-C, and telecon
concurrence was obtained.
Input weights had been calculated by Arcturus and a complete
layout had been prepared in the form of a cut chart, shown as Figure 30.
On this figure the parts with "X" above them were the originally designated
try-outs, and were generally selected from billets with least favorable
microstructure; the single exception was P/N 1138578 try-out (2918 S/N 1)
which was made from the top end (best end) of the TMCA "T" billet.
On Figure 30, and subsequent figures relating Arcturus work,

the following Arcturus die numbering system was used:

ARCTURUS DIE NO. ANSC P/N PART TRY-0UT S/N

2915 1138575 2nd Stage Impeller S/N 2*
2916 1138576  1st Stage Impeller S/N 1
2917 1138577 1st Stage Rotor S/N 1
2918 : 1138578 2nd Stage Rotor S/N 1
X292 1138579-1  Inducer S/N 1
X293 1138579-2  Impeller Insert S/N 1

*S/N 2 was assigned because the configuration had been forged and delivered
to ANSC once previously for a high speed balance facility mockup. | |
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The four die forging try-out multiples were cut out, és shown,
by removing the proper length of billet, as pre-calculated by Arcturus.

This operation was closely watched and the target input weights were met
within 0.1 1b. on each occasion. Each multiple cut was immediately identified
by die and serial number; in addition, where necessary, the top billet end

was reidentified.

The four try-out multiples were then placed in a furnace nearest
to the 25000 1b forging hammeri location of the multiples was maintained by
marking the furnace door in the same sequence as the cut multiples inside
the furnace.

Forging was initiated by soaking all parts at 1775°F for periods
of 20 minutes to one hour. The parts were cross-forged, as shown in Appendix
15 cross forging consisted of upsetting the billet input multiple up to 37%
into a barrel shaped piece, then drawing, or restoring, the piece back to
nearly its original cylindrical shape. These steps were added by Arcturus in
order fo optimize the billet microstructure prior to die forging. As shown in
Appendix 1 and the forging practice travellers prepared by Arcturus, shown in
Appendix 2, the 2918 second stage rotor forging reéeived an additional open
hamﬁer upsetting step to a 3-1/4 thick pancake prior to die forging until the
material had filled the die cavity, as judged by dimensional measurements made
on hub diameters, hub lengths and disc thicknesses. Despite numerous incidents
of surface cracks and tears, three of the four parts were successfully completed,
cut up and examined. In the fourth part, P/N 1138575 try-out, repeated grinding
of hub fillet cracking and tearing had reduced the input mass to a degree

where insufficient metal remained to fill the die.
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‘ Some details of the try-out forging steps are presented in
Appendix 3. Three try-outs were sectioned along a diameter in order to
examine the resultant microstructure. The microstructure of these three
parts, 1138575 S/N 2, 1138576 S/N 1 and 1138578 S/N 1 are presented in
Figures 31, 32 and 33 respectively, and provided the first evidence of the
extent by which cross and die forging improved the initial billet micro-
structures. )

Following completion of try-out forging and the loss of 1138575
S/N 2, a meeting was held between Arcturus, ANSC and SNSO. It was decided
to make a second try;out forging, also from the bottom end of the TMCA T4 bar,
but to increase the forging temperature to 1800°F and to limit the forging
time (number of blows). Alsc, the cutting and forging of the TMCA 2918's was
planned and it was agreed to cut one slice from between the X-292 and X-293
combined forging in order to conserve material. In addition, SNSO satisfied
that the billet microstructure had indeed been improved) indicated at this
time a need for knowing when during forging the structure was converted to
forged, equi-axed alpha. Arcturus suggested that an X-292/X—293'set be used
for this purpose since this part was to be upset and drawn, only. However,
to be convincing, the starting piece had to have transformed alpha micro-
structure. Therefore, a change in éutting plans was made such that the X-292/
X~-293 S/N 1 forging was taken from the T2 bar, rather than from the (best) B
bar, as originally planned. This change moved one 2916 multiple into the B
bar, as shown in the revised cut chart, Figure 34, 1In addition; a fourth 2915
mutliple (S/N 11) was planned for the RMI bar to make room for the second
try-out from the T4 bar, as shown in the revised cut chart with serialized

multiples, shown on Figure 35,
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The hubs cut from 1138575 S/N 2 try-out, which had been scrapped,
were examined visually and with dye-penetrant; the large hub contained two
small cracks up to 0.060 inch long. The presence of these internal cracks,
and other associated problems, described in Appendix 3A, confirmed the need
for the higher forging temperature decided on earlier.

Arcturus had cut nine 1138578 multiples, all from the T and T2
bars, S/N's 2 through 10, see Figure 35 cut chart. The second 1138575 try-out,
S/N 3, had been cut and cross %érged already without incident.

Arcturus had decided that in order to facilitate metal flow into
hub cavities, the upber portions of the dies for P/N's 1138576, 1138577 and
1138578 should be vented by drilling a 0.10 inch hole from the hub cavity out

through the top of the die.

In addition to the 1138578 multiples, three 1138576's had been
cut from the T bar, two 1138577's had been cut from the T2 bar and the S/N 1
X~292/X—293 set had been cut from the T2 bar. The remaining TMCA bars were
checked and only the B bar and approximately 2/3 of the T4 remained intact.

The successful die-forging of the second ]138575 try-out, S/N 3,
was witnessed. The forging steps are described in detail in Appendix 3E.

While the part was being made, the forging of the nine 1138578's was watched
and no abnormalities were noted.

The microstructure of 1138577 S/N 1 was examined and found to be
uniform, fine and equiaxed, as shown in Figure 36. The 1138576, 1138577 and
1138578 try-out slices were macroetched and the remaining halves were subjected
to a pre]imfnary ultrasonic inspection with a triple A inspection technique and
standard used for the 1138575 S/N 1 hfgh speed balancer part. A 3/4 inch dia-
meter Lithium sulfide crystal with 2-1/4 megacycle signal was used. Both

grain flow and ultrasonic test results were satisfactory.
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P/N 1138577 S/N 1 and P/N 1138579 S/N 1 (FIRST TRY-OUTS) SHOWING TH.
EFFECT OF CROSS-FORGING ON THE DEGREE OF MICROSTRUCTURAL IMPROVEMENT

STRUCTURES ARE CONSIDERED EQUIAXED WITH VARIOUS DEGREES OF DISTORTIOMN
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When the 1138575 S/N 3 try-out slice became available, it was
examined for microstructure and equiaxed alpha was noted in all forging
sections, as shown in Figure 37.

The next forging planned was the pancake forged X-292/X-293
S/N 1 thy;out. It was completed just before SNSO instituted their request
to stop forging pending a decision as to whether or not the TMCA and RMI
billets were suitable for TPA and test forgings.

The X-292/X-293 f&rging was upset and drawn, only, from a section
of the T2 billet in order to determine whether the transformed alpha micro-
structure was signifﬁcant]y broken down and agglomerated at this stage. Micro-
structures were examined on the "original cut" plane shown in Figure 38 and a
significant microstructural improvement was noted, as shown in the top photos
of Figure 36; it should be noted, however, that these inducer forgings were
scheduled to be made from the B billet to compensate for the lesser amount of
forging work.

A directive from SNSO-C was received requesting all forging and
forging processing at Arcturus be stopped pending resolution of the adequacy
- of the TMCA material microstructure.  Table V presents the forging work scope
accomplished at the time of the SNSO stop order. Axial and radial micro, macro,
dye penetrant and ultrasonic inspections were to be made available from an upset
and drawn forging representing material forged from billet stock with trans-
formed alpha microstructure. It was agreed that the recently completed X-292/
X-293 S/N 1 try¥out made from the bottom end of the T2 bar would meet SNSO-C
requirementé. Accordingly, a meeting was arranged to enable SNSO personnel

to view for themselves, the results of the tests which SNSO had requested.
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FORGINGS PRODUCED AT TIME OF SNSO STOP ORDER

ANSC
P.0.

N-00554

N-00555

N-00556
" N-00557
N-00558

N-01405

*FORGING PART NO.

1138579-1
1138579-2

1138578-1

1138577-1
1138576-1
1138575-2

1138578-1

*Sectioned Try-out Piece.

"ANSC SERIAL NO.

* 880001
* 880004

* 880001
880002
880003
880004

* 880001
* 880001

* 880001
* 880002

* 880006
880007
-880008
880009
880025
880027
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The X-292/X-293 try-out forging had been cut into five ;ections,
as shown on Figure 38. One half of the 1138579-1 had been prepared as an
ultrasonic standard, containing several flat-bottomed holes and notches to
facilitate ultrasonic inspection. A1l five pieces had been dye-penetrant
inspected and found to be defect free. Microstructure examinations were made
on the axial face of 1138579-1 and compared with previously made micros of the
radial face; the microstructures were similar in both directions and consisted
primarily of worked alpha, exhibiting various amounts of distortion, see upper
right hand pictures of Figure 36.

Ultrasonic inspections using contact scanning of all pieces indi-
cated that the material met the AAA flaw size requirement.

In preparation for the meeting with the SNSO-C and SNSO-W people,
four displays were prepared, similar to Figures 32, 33, 36and 37, which were
planned for use in describing the microstructures in both billet and forging .
form. . |

Subsequently, a meeting was held with Arcturus, SNSO and
ANSC. A brief material h}story covering both titanium heats was pro-
vided by‘ANSC. Arcturus then described company philosophy and experiences
with titanium forging, which form the basis for the purchaserrder requirement
that the titanium billets not be finish forged aboye the beta transus temperature.
Arcturus indicated that cross forging of the material had converted the billet
microstructure to a sufficiently equiaxed form to render the material forge-
able. In addition, it was implied that cross forging the multiples merely
introduced a forging step which would have been unnecessary had the billets
been finish forged at the proper temperature but which Arcturus would include in all

subsequent ANSC titanium orders for rotating component forgings.
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A detailed review was given, using the four visual displays.

The SNSO personnel indicated agreement that a definite improvement in material

microstructure was achieved. This fact, however, apparently did not dispel

-their apprehension concerning the reproducibility of the starting billet

material and any possible effects of the prior transformed alpha; the fact

that billets are always processed above the beta transus temperature at some

stage during their manufacture made no difference, nor did many other arguments

mounted by both ANSC and Arcturus.

During subsequent meetings, an SNSO "proposition" was drafted

which included the following items:

1.

Use the TMCA B bar and the RMI T bar to make three sets of
TPA forgings to satisfy S/N 1 requirements.

Continue hold on Car]toﬁ forgings and other Arcturus forgings.
Reactivate remainder of RMI heat with added controls to pre-
clude finish forging above beta transus. Distribute this
material to Arcturus and Carlton for making S/N 2 TPA parts
and materials test prdgram parts.

Conduct. interim tests to qua]ify S/N 1 TPA parts use.

Carry along one-half of existing try-out forgings with S/N 1
parts to be processed.

Order more billets for balance of program.
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A check was made to see whether three sets of forgings could be
made from the already cut up B and T bars. As shown in Figure 39, three sets
of parts could be made in this manner, in addition to one 2918 try-out from
‘the RMI bar. However, provision had to be made for try-out forgings repre-
sentative of the 2915 and 2916 RMI forgings.

The stop order imposed by SNSO was fraught with éonfusion; for
some time, conflicting directions flowed between Sacramento and Cleveland, in
both directions. An ANSC proposal to keep try-out forgings and production
forgings together (from same billet) was rejected after several days because
it would have required use of other than the customer approved billets. However,
the SNSO "proposition", which later appeared in the form of a written directive,
had failed to account for the need for try-out forgings from the RMI heat;
therefore, approval was obtained to use some of the non-approved RMI T]'bi1Jet
for this purpose. This approval resU]ted in transferring the RMI T1 billet
from Carlton Forge Works (the second forger) to Arcturus.

In order to implement the SNSO stop order, a complete review was
made of the accomplished work scope, the new forging quantity requirements and
the remaining available material (which was in cut multiple form except for the
RMI T1 bar). This review resulted in:

(a) Revising the turbopump program forging requireménts from
four to three finished forgings for each machined con-
figuration,

(b) Transferring (and in some cases recutting) several forging
input billets to other purchase orders.

(c) issuing ANSC Inspection Reports against all forged material

(which was not completely processed through acceptance)

requiring shipment to ANSC.
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Table VI presents the status and disposition of all cut and
forged material at Arcturus following the SNSO stop order.

The final approved cut chart, covering three sets of forgings for the
turbopump program, some forgings for the interim materials test program and
sufficient try-out forgings to assure proper forging practice would continue
to be used, is shown in Figure 40. This cut chart (along with the ANSC
Inspection Reports and verbal instructions) was used for expeditiously restarting
forging production at Arcturus without the customary formal changes to purchase
orders. Multiple iterations also were required before the interim materials
test plan, shown in Table VII, was agreed upon. This scheme provided for some
static and cyclic test data from each rotor configuration, with the test
material to be representative of both TMCA and RMI billet material.

Resumption of forging of the TPA and test parts was delayed for
some time, both by ANSC's custoﬁer-caused interruption as well as by an extended
plant absence of a key Arcturus personnel. When forging was resqmed, Arcturus
was directed to perform forging at a temperature suitable eo all the TPA
configurations, viz, 1765-1800°F. The revised work scope (reference Figure 40)
is presented in terms of ANSC part and serial numbers in Table VIII.

Upon resumption of work, the three sets of TPA parts were forged
without incident. Vacuum heat treating and routine inspections were performed
in accordance with specification requirements, but ultrasonic inspection,
including C-scan inspection, was performed by an NDT vendor with the requisite
equipment. The ultrasonic test results (contained in Section VI of this report)

formed the basis for allocating the forgings as shown in Table IX.



TABLE VI

MATERIAL STATUS AND DISPOSITION FOLLOWING SNSO STOP ORDER

ANSC ANSC ANSC ARCTURUS ARCTURUS
P.0O. PART NO. S/N DIE NO. S/N BAR FORM ON 9-14-71 DISPOSITION
N-00554 1138579-1 & -2 880001 X-292/293 1 TMCA-T2 Forged/Sectioned Continue Processing
. 880002 " 2 TMCA-B Cut Billet Redirect to 1138577-1, S/N
880006 (Ref IR 512358)
" 880003 " 3 TMCA-B ~Cut Billet Forge
" 880004 " 4 TMCA-B Cut Billet Forge
o 880005 " 5 TMCA-B Cut Billet Forge
N-00555 1138578-1 880001 2918 1 TMCA-T Forged/Sectioned Return to ANSC (Ref IR 512359)
880002 2918 2 TMCA-T Forged Return to ANSC (Ref IR 512359)
880003 2918 3 TMCA-T Forged Return to ANSC (Ref IR 512359)
880004 2918 4 TMCA-T1 Forged Return to ANSC (Ref IR 512359)
880005 2918 1 RMI-T Cut Billet Forge
N-00556 1138577-1 880001 2917 1 TMCA-T2 Forged/Sectioned Continue Processing
880002 2917 2 TMCA-TZ Cut Billet Return to ANSC (Ref IR 512360)
880003 2917 3 TMCA-T4 Cut Billet Return to ANSC (Ref IR 512360)
380004 2917 4 TMCA-B Cut Billet Forge
880005 2917 5 TMCA-B Cut Billet Forge
N-00557 1138576-1 880001 2916 1 TMCA-T1 Forged/Sectioned Continue Processing
' 880002 2916 2 TMCA-T1 Cut Billet Return to ANSC (Ref IR 512361)
880003 2916 3 TMCA-T Cut Billet Return to ANSC (Ref IR 512361)
880004 2916 7 TMCA-T2 Cut Billet Return to ANSC (Ref IR 512361)
880005 2916 5 TMCA-B Cut Billet Forge '
==
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TABLE VI (Continued)

ANSC ANSC ANSC ARCTURUS ARCTURUS ,

P.0O. PART NO. S/N ‘DIE NO. - S/N BAR - FORM ON 9-14-71 " 'DISPOSITION

N-00558 1138575-2 880001 2915 2 TMCA-T4 Forged/Sectioned  Scrap - Replace with S/N 880018
880002 2915 3 TMCA-T4 Forged/Sectioned Continue Processing
880003 2915 4 TMCA-T4 Cut Billet Return to ANSC (Ref IR 512362)
880004 2915 5 TMCA-T4 Cut Billet Return to ANSC (Ref IR 512362)
880005 2915 8 TMCA-B Cut Billet Forge

N-01405 1138575-2 880006 2915 6 TMCA-T4 Cut Billet Return to ANSC (Ref IR 503988)
880007 2915 7 TMCA-T4 Cut Billet Return to ANSC (Ref IR 503988)
880008 2915 9 CRMI-T Cut Billet Redirect to 11385761 S/N

' 880006 (Ref IR 503990)
880009 2915 10 RMI-T Cut Billet " . " "
880010 2915 11 RMI-T - Cut Billet Transfer to P.0. N-00558
v (Ref IR 503990)
1138578-1 880006 2918 5 TMCA-T1 Forged Return to ANSC (Ref IR 503989)
880007 2918 6 TMCA-T2 Forged Return to ANSC (Ref IR 503989)
880008 2918 7 TMCA-T2 Forged Return to ANSC (Ref IR 503989)
880009 2918 8 TMCA-TZ Forged Return to ANSC (Ref IR 503989)
880010 2918 12 RMI-T Cut Billet Transfer to N-00555 & Forge
(Ref IR 503991)

880011 2918 13 RMI-T Cut Billet " " " !
880012 2918 14 RMI-T Cut Billet o " " "
880013 2918 15 RMI-T  Cut Billet " n L "
880014 2918 16 RMI-T Cut Billet Return to ANSC (Ref IR 503991)
880025 2918 9 TMCA-T2 Forged Return to ANSC (Ref IR 503989)
880026 2918 17 RMI-T Cut Billet Return_to_ANSC (Ref IR“503991)“Ezf
880027 2918 10 TMCA-T2 Forged Return to ANSC (Ref IR 503989) z,

O
880028 2918 18 RMI-T Cut Billet Return to ANSC (Ref IR 503991)
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REVISED WORK SCOPE OF 9-23-7

FORGED-CONTIMUE TO PROCESS
10 0

2917 X-262/3 !
;‘;&’_‘TZ 100 Lb. |05 Lb.
S/H 1 S/N 1

10
TMCA 2916
Bar-T1 100 Lb.
S/N
T0
THMCA 2915
Bar-T4 130 Lb. '
S/ 3 ’ .

HAS BEEN CUT-TO BE FORGED & PROCESSING COMPLETED

TMCA 2916 X-292/3 X-292/3 X-292/3 2917 2917 2915

Bar-B 160 tb. | 105 Lb. 105 Lb. 105 Lb. 100 Lb. 100 Lb. 130 Lb.
S/H S S/NS S/N 4 S/H 3 S/NS S/N 4 S/IN 8
TO

RHI 2918 2918 2918 2918 2618 2915 2915

Bar-T 88 Lb. | 88 Lb. 88 Lb.{ &8 Lb.| 88 Lb. 130 Lb. 130 Lb.
S/ 151 S/ 14 S/H 13| S/K 124 S/R 11 S/N 12 S/N 11

TO BE RE-CUT TO HEW INPUT SIZES, FORGED & PROCESSING COMFLETED

WAS T0 BE
. ~ N
TMCA X-292/3 THCA 2917
Bar-B 105 Lb. @ Bar-8 100 Lb.
S/N 2 S/N 6
2915 RHI 2916
o 130 Lb. : o—— Bar-T | 100 Lb.
S/H 10 S/H 6
RM1 2915 RM1 2916
Bar-T 130 Lb. > Bar-T 100 Lb. ,
S/N 9 S/N 7 :
TO BE CUT, FORGED & PROCESSING_COMPLETED o
10 0
Ri1 2915 2016
Bar-T) 130 Lb, 106G Lb. Dead End
4 . S/t 13 S/ 8

LA ] ,4/' (]
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1138575

1138576

1138577

1138578

1138578

1138579

*Spares

TABLE VII
~'T1 5A1-2.5 Sn ELI DIE FORGING
"INTERIM MATERIALS TEST PROGRAM

70 + 10°F/100 PSI GHp -160 + 10°F/1200 PSI GH2 -423 i_]goF LHo '
) Ki/Kic ™ spare ke  N/fc seare Kre Ri/Kic  spare
Ic = 0.5 (*) = 0.5 (*) = 0.5 (*)
No. of Arcturus
Semi Ring S/N
Ring 2 8, 12 1 1 1 1 1 1
Ring 2 5, 6 | . 1 1 1 1 1 1
Ring 1 g 1 1 ]
Ring =~ 1 1 1 1 1
Center ] 11 1 1 1
(Forging)
Slice 3 3.4,5 1 1 1
(Slices)
TOTAL TESTS - 16 (PLUS 8 SPARES) iy
p @
are to be used to replace spurious or outlier test results, only. =

2l6l Ae
£01-2L*400ESN
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i
|



ANSC _P/N
1138575-2E

1138575-1E

1138577-1D

1138578-1E

1138579-1
& 2C

*Tryout Forging for TMCA Material
**Tryout Forging for RMI Material

ARCTURUS

DIE NO.

2915

2916

2917

2918

X292/X293

TABLE VIII

REVISED WORK SCOPE

ANSC S/N

880002
880005
880010
880018
880019

880001
880005
880006
880007
880008

880001
880004
880005
880006

880005
880010
880011
880012
880013

880001
880003
880004
880005

\
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!
|
ARCTURUS ‘
O S/N " BILLET |
3 : *TMCA-T4
8 . TMCA-B
11 RMI-T
12 RMI-T
13 **RMI-T1
1 *TMCA-T1
5 TMCA-B
7 RMI-T
6 RMI-T
8 **RMI-T1
1 *TMCA-T2
4 TMCA-B
5 TMCA-B
6 TMCA-B
11 RMI-T
12 RMI-T
13 RMI-T
14 RMI-T
15 **RMI-T
1 *TMCA-T2
3 _ TMCA-B
4 TMCA-B
5 TMCA-B
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TABLE IX |
FORGING ALLOCATIONS
"FORGING P/N "~ 'FORGING S/N o ALLOCATION
1138575-2E 880018 Machine second stage impeller
880005 Machine second stage impeller
880010 Spare
1138576-~1E 880006 Machine first stage impeller
880005 - Machine first stage impeller
880007 Spare
1138577-1D - 830004 Machine first stage turbine rotor
880005 Machine first stage turbine rotor
880006 Spare
1138578~1E 880011 Machine second stage turbine rotor
880010 Machine second stage turbine rotor
880012 Spare -
880005 For interim materials evaluation tests
1138579~1C 880003 Machine inducer
880005 Machine inducer
880004 Spare
1138579-2C 880003 Impeller Insert - Not required due to
design change
880005 Impeller Insert - Not required due to
design change
880004 Impeller Insert - Not required due‘to

design change

°
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VI. NON DESTRUCTIVE TESTING OF BILLETS AND FORGINGS

Established penetrant, ultrasonic and x-ray techniques and standards
were employed for NDT inspection of both billets and forgings. Table X
'1ists the techniques, specifications and accept/reject criteria used.

Billet Inspection - The penetrant inspection was of sufficient sensi-

tivity to detect the objectionable defects noted in Table XI. The problem
here, though, is not inspection sensitivity but one of finding penetrant
solutions with sulfur and chlorides within the prescribed 1imits. Require-
ments were relaxed for new purchase orders; however, the relaxed quantities
are available only in especially ordered solutions.

Nearly identical ultrasonic scanning techniques were employed by RMI
and TMCA. The procedure is summarized in Enclosure 16. The inspection
standards were fabricated of the same billet material as that being tested
so the conditions in the reference standard closely resembled those in the
billet. The configuration of the standard is shown in Enclosure 8.

The billets were lathe turned to provide a suitable surface for evalua-
tion to the 3/64 inch diameter flat bottom hole (FBH) acceptanceileve1. An
inspection frequency of 5 MHz is dictated by the 3/64 FBH quality Tevel. Metal
noise can be reduced, in some measure, by lowering the frequency to 2.25 MHz or
even 1 MHz at the sacrifice of sensitivity. The lower frequency beam may
not see the grain condition that causes it to scatter at higher frequencies,

but it is just as likely to miss real flaws.



Material

Sponge

Billet

Billet

Forgings

Forgings

Forgings

TABLE"'

NDT of 5 Al - 2.5Sn Titanium Alloy

Technique

X-Ray

Penetrant

Ultrasonic

Penetrant

Ultrasonic

X-ray

Specification

ANS-20296
MIL-STD-453

ANS~-90295A
MIL-I-6866, Type I,
Method C
ANS-9032-1

ANS~S0295A
MIL-1I-8950 (Control

only)

ANS-90297B
MIL-I-6866, Type I,
Method A
ANS-9032~1

ANS-90297B -

MIL-I-8950B
With C-Scan
ANS-90297B

MIL-STD-453

Flaw — Type

Discrete contaminants.

Cracks & porosity open to surface. Not
more than one indication > 1/64~inch
permitted.

Internal cracks, porosity, pipe &
inclusions. (1) Any single indication

> 3/64-inch when compared to 3/64 FBH in
reference standard. (2) Loss in back-
reflection>50% of full-screen saturation.

Cracké & porosity open to surface. Not
more than one indication > 1/64-inch
permitted.

Internal cracks, porosity & inclusions.
Accept/Reject criteria of *Class AAA of
MIL-I-8950B.

Internal cracks, porosity and inclusions.

%Single indication, > 1/64-in., (when compared to respcnse from a 1/64-in. FBH), multiple indications,
>10% of 3/64-in. FBH & centers < l-in.; Stringers, >107% of 3/64~in. FBH ~any length; Noise>5% of 3/64-in.
FBH; Penetration, Loss of BR >20% of full screen saturation.

G/ 9bed
261 Aey
€0L-2/-4O0EBN



Billets RMI-X21 & 22

Billets TMCA (All)

VARIATIONS FROM SPECIFIED PENETRANT INSPECTION REQUIREMENTS

(D

(2)

(3

&9}

(2)

TABLE XI

5 Al - 2.5 Sn Titanium Alloy Billets

DISCREPANCY

Type II - Visible dye penetrant used,
instead of Type I - Fluorescent. Hence,
penetrant exceeded 50 ppm each sulfur
and chlorides restricted by ANS-90295A.

Ends of billets not penetrant inspected.

Bar T had one indication 5/8-in. long
X 1/8-in. deep and one indication 3/8-
in. long x 1/8-in. deep.

Penetrant procedure not performed as
prescribed by ANS-90295A. Length and
depth of indications not noted.

Penetrant solutions exceeded 50 ppm
sulfur and chlorides.

(1

(2)

~(3)

(1)

(2)

DISPOSITION ~~ "

Billets washed in solution

of HF - HNO3

Accepted, based on macroetch
results of billet ends.

Indications removed.

Accepted. Indications removed.

Accepted.

g/ 9beq
2061 Aey
€0L-2/-400E8N
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There were no rejectable indications disc]oéed.by ultrasonic exami-
nation of the billets. Penetration problems, due to a high metal-noise
encountered in the TMCA billets, prevented critical evaluation. Noise in '
instances exceeded 100% of the 3/64-in. dia. FBH reference (80% of full
screen amplitude). A level of 25% and 50% noise was prevelant in the two RMI
billets. This response was within the level anticipated. The grain conditions
responsible for the high noise-level are discussed in the metallurgical section
of this report. 1In deneral, both suppliers overestimated forging temperatures
which resulted in variations of microstructure. Variations within each billet

and between billets were quite apparent in the ultrasonic test results.

Forging Inspection - The finished forgings were subjected to penetrant,

ultrasonic and x-ray inspection. There were no rejectable indications disclosed
by penetrant inspection.

The forgings were examined ultrasonically using an immersion, pulse-
echo technique except a C-scan recorder was added. This recording technique
provides a cross-sectional map of the inspection and allows detection of subtle
defects by permitting comp@risonlof a suspect region with its surroundings.
__U]trasonic scanning procedures are containéd in Enclosure 17. Testing was

performed by Sonic Tesfing and.EnginéerTng; Inc;, Paramount, CaTifbrnfé.

Ha]f-section and full-section forging standards were fabricated to'répre?
sent each forging configuration and billet heat of material under evaluation.
The flat-bottomed reference holes for longitudinal inspection were of 1/64,

3/64 and 5/64-in. dia. drilled 0.150-in; deep. Shear wave reference holes

were of the same diameters drilled at a 45° angle to a depth of 0.250-1in.
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Distance Amplitude Curve (DAC) calibration blocks with 3/64 FBHs were

used to establish DAC curves for each forging. The blocks were fabricated

of 6 A1-4V titanium alloy. The DAC curves were adjusted for differences in

attenuation between the reference'standards and calibration blocks. Actually,

the difference was negligible, from 0 in some parts to a maximum of 4 db in

others.

The procedural steps for ultrasonic inspection of each forging, in

general, were as follows:

(a)

(b)

A primary response was established as the maximum response from
the 3/64 FBH in the forging standard, adjusted on the Cathode
Ray Tube (CRT) screen so that response from the 1/64 FBH was
approximate]ywéo% of Ehe 3/64 FBH. |

The standard was removed. A DAC curve, adjusted to the heignt
of the primary responée and covering the full-thickness range
of the forging under test, was established on the CRT screen.
The alarm was gated at 10% of the 3/64 FBH.

The forging standard was scanned to be sure that the minimum
FBH was printing. The print-out also served as a comparative
standard for the forging inspection.

Next, the part was centered on a turntab1e,.rotated and scanned.
The screen was monitored for noise level, relative depth of
indications and gating. The gate was manually adjusted ("fast

transigate circuit") during inspection for changing thickness.

" Radii were hand scanned in the tank.
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(f) Finally, the standard print-out and forging record were compared
and the size of indications were estimated. The ultrasonic unit
was equipped with a sensitivity time control (STC) circuit which
was set so that indications of the same size, say 1/64, would re-

cord at the same amplitude regardless of their distance from the

surface.

The C-Scan ultrasonic technique verified the ability of ultrasonic in~
spection to detect very small flaws in titanium forgings. Indications repre-
senting defects of < 1/64 to > 3/64 (compared to respective standards) were
apparent. Inspection results are summarized in Table XII.

Metal-noise, as expected, was still a factor in deciphering inspection
results. Using C-Scan and a focus transcucer it is possible, in some cases,
to distinguish noise from real flaws. Some of the noise indications are attri-
butable to turning grooves resulting from the forging supplier's effort to meet
the roughness requirement. |

The typical radiographic procedure is shown in Enc]osuré 13. The radio-
graphs were of excellent quality. X—réy disclosed only a single low density
inclusion which was confirméd by ultrasonic inspection. The fact that x-ray
did not reveal all the indications found by ultrasonic inspection is not sur-
prising. The flaws, more than likely, are flattened-out in the best orijentation
for ultrasound but below x-ray sensitivity. If the flaw is thin and has its

smallest dimension along the x-ray beam it will not be detected.



(a)

(b)

*Accepted for further processing.

(a) Shear standard
(b) Longitudinal standard

Part No. S/N Billet IR No.
1138575 880019 RMI-T1 N/A
1138575 880010 RMI-T1 512425
1138575 880018 RMI-T1 N/A
1138575 880005 TMCA-B 512425
1138576 880008 RMI-T1 N/A
1138576 880007 RMI-T 512424
1138576 880006 RMI-T 512424
1138576 880005 TMCA~B N/A
1138577 880005 TMCA-B = N/A
1138577 880004 TMCA-B 512422
1138577 880006 TMCA-B N/A
1138578 880013 RMI-T N/A
1138578 880005 RMI-T 512423
1138578 880010 RMI-T 512423
1138578 880011 RMI-~T N/A
1138578 880012 RMI-T 512423
1138579-1 880001 TMCA-T2 N/A
1138579-1 880003 TMCA-B N/A
1138579-1 880004 TMCA-B 512426
1138579-1 880005 TMCA-B 512426
1138579-2 880003 TMCA-B 512427
1138579-2 880004 TMCA-B N/A
1138579-2 880005 © TMCA-B 512427

TABLL;‘XIJ_;

TPA TITANIUM FORGINGS ULTRASONIC INSPECTION SUMMARY

(2)

(2)

Condition

Half-section standard
Multiple indications
Accepted

indications & excess noise

Half-section standard
Multiple Indications
Excessive noise
Accepted

Accepted
Single Indication

B

Accepted

Half-section standard
Multiple Indications
Noise

Accepted

Multiple Indications

Half~-section standard
Accepted

Multiple Indications
Multiple Indicatioms

Multiple Indications
Accepted
Indications

Final acceptance was to be based upon X-ray of final machined parts.

Disposition

*Accepted

*Accepted

*Accepted
*Accepted

Accepted -~ would be
removed in final machining

*Accepted
Accepted

*Accepted

*Accepted
*Accepted

*Accepted

*Accepted

08 9bed
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VII.  ACCEPTANCE TESTING

i

A1l parts had been designed with excessively large 0D's in order
to enable both tensile and fracture toughness acceptance tests to be performed.

It was the responsibility of Arcturus to fabricate and test four tensile spe-
cimens from each and every part, following vacuum annealing, An approximately
2 inch wide test ring was parted from each die forging, and a slice was removed
from between the 1138579-1 and -2 pancake forgings to be used as test material
representative of both parts. In addition, one 4 inch long (circumferential)
piece from each die forging was shipped to an outside machining vendor for
fabrication of compact tension fracture toughness specimens. These were sub-
sequently pre-cracked and tested at room temperature in air by an independent
testing laboratory.

Results of R.T. fensi]e tests, shown in Tables XITI and XIV covering
both die-forged and pancake forged parts, indicated uniformly high strengths and
excellent ductility. For the die forging tensile tests, "A" data design allowables,
presented in Enclosure 19, were calculated and it is a reflection of the
superior quality of the material that even the 99/95 allowables for strengths
exceeded the specification minimum strength requirements. |

| Results of the R.T. fracture toughness tests, shown in Table XV,
were considered satisfactory and in agreement with values reported'by other
investigators (Reference 2). A "C" data design allowable of 79.8 ksi—in1/2

was derived and was published in the form of DRM 04.10R1, Enclosure 20.



ARCTURUS

DIE NO.

2915

2918

ARCTURUS

_S/N

8

11

12

12

13

14

15

‘BILLET USED

TPA*S/N'1°R:T. TENSILE PROPERTIES

TABLE XIII

'DIRECTICN

TMCA "B"

RMI IITII

RMI "T*

Tang.

Radial
Tang

Radial
Tang.

Radial

Tang.

Radial
Tang.

Radial
Tang.

Radial
Tang.

Radial
Tang.

Radial

uTS TYS
CKSI KSI
119 170
120 112
123 114
121 112
119 110
119 112
119 112
119 110
118 110
119 112
116 108
116 108
119 112
120 112
118 110
119 111
121 113
120 114
120 112
119 117
122 114
120 112
121 114
121 113
120 114
120 114
120 115
120 115
120 114
120 114
120 114
120 116

FORGING TYPE

Die (X-Forged)

Die (X-Forged)

28 éﬁea
2061 Aey
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TABLE XIII(Continued)
TPA S/N'1 R.T. TENSILE "PROPERTIES

261 Ael
€01-2/-400EBN

ARCTURUS ARCTURUS uTS TYS % EL %
DIE NO. S/N BILLET USED DIRECTION KSI KSI (2 IN) " ROFA FORGING TYPE
2916 5 TMCA “B" Tang. 120 117 12 46 Die (X-Forged)
120 112 15 49
120 11 18 48
Radial 120 113 14 52
6 RMI T Tang. 122 114 16 50
124 116 15 49
123 113 15 50
Radial 121 113 15 54
7 - ’ Tang. - 113 109 14 52
115 106 14 52
N7 108 .14 52
Radial 114 105 13 55
8 RMI "T1" Tang. 117 109 15 54
B ' 118 110 13 52
117 110 14 53
Radial 117 110 14 52
2917 4 TMCA "B" Tang. - 120 111 15 47
120 112 14 50
121 112 14 50
Radial 122 113 14 49
5 Tang. 122 112 14 47
120 117 14 46
121 112 14 47
Radial 122 113 14 50
6 . Tang. 122 . 113 15 ' 45 P
121 113 14 50 ®
124 115 13 43 o
Radial 122 14 14 46 @
ANS 90297 REQUIRED: | 110 100 12 25



ARCTURUS

DIE NO.

X292

X293

ARCTURUS
S/N

- BILLET USED

3

ANS-90297 REQUIRED:

TMCA "B"

TABLE XIV

TPA S/N 1 R.T. TENSILE PROPERTIES

UTs
DIRECTION KSI
Radial 119
118
116
Tang. 121
Radial 118
118
117
Tang 118
Radial 118
118
118
Tang. 120
Radial 121
120
119
Tang. 121
Radial 119
120
120
Tang. 118
Radial 120
116
118
Tang. 120

110

TYS

kst

110
110
108
114

110
111
109
108

112
110
110
114

113
112
112
111

112
114
114
110

112
109
110
113

100

% EL
(2°IN)

12
13
12
15

15
12
13
13

%
R'OF A
31
27
27
33

31
27
27
27

44
33
42
43

FORGING TYPE

Pancake (X-Forged)

g obed
2L61 Aey
£0L1-2/H00E8N

i

|

|
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TABLE XV ‘
"ROOM  TEMPERATURE STATIC FRACTURE TOUGHNESS TEST
““RESULTS OF S/N'1 TPA ROTOR DIE FORGINGS
P/N ARCTURUS ’ : 1/2
P/N SN PQ (Ki PS) £ (a/w)* Kyg, KSI-IN
1138575 8 14.5 10.51 106.8
1138575 11 11.25 10.61 83.76
1138575 12 13.375 10.21 95.76
1138576 5 13.25 10.78 ©100.1
1138576 6 ‘ 13.0 10.57 96.38
1138576 7 14.06 10.54 103.97
1138577 4 13.5 10.34 97.84
1138577 5 10.0 10.24 - 71.82%%
1138577 6 12.62 10.57 93.01
1138578 11 13.0 10.54 " 96.09
1138578 12 13.75 10.27 98.96
1138578 13 12.94 10.54 95.66
1/2 - 3/2 5/2 7/2 9/2
dy _ a a a a a
* f(W) = 29.6 (W) - 185.5 (W) + 655.7 (W) - 1017 (W) + 638.9 (Wo

Refearence 4 - ASTM-E399

**Not valid per requirements of ASTM-E399.



N8300R:72-103
May 1972

Page gg

Several 300°R tensile tests were performed to enable validity
checks to be made in the interim materials test program. Four tangential
tensile specimens were machined from a 4 inch long piece of test ring repre-
.sentative of die forging P/N 1138578, ANSC S/N 880012. Results of these
‘tests are presented in Table XVI,

The interim materials test program results, included as Enclosure
21, were analyzed statistically and the allowable Ki for 60 cycles was then
used to reassess the structural integrity of the spinner, impeller and inducer.
Allowables, included in Enclosure 20, were calculated for Ki at R.T. in GH,,

at 300°R in GH, and at 40°R 1in LH2 and, for each temperature/environment com-

2
bination, 99/95 values were obtained for 1 cycle (KIC), 1000, and 10,000

cycles. As shown in Enclosure 21, the effect of the aggressive GH2 environment
was far less damaging than had been expected from previous well publicized
investigations at Boeing Co., Aerojet and Rocketdyne. Flaw growth rate in

GH,, the prime governing factor in cyclic testing, was only slightly higher

2’
in GH, than in GHe at R.T., and no effect was detectable at 300°R. In addition,

1/2

2
the pancake forging (inducer) design allowable was 52 ksi-in

1/2 (

compared to an

Reference 3). A new value for die forging
1/2

earlier allowable of 44,9 ksi-in

K c for radial flaw growth of 35 ksi-in

. was developed 1in LHZ’
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TABLE XVI
*300°R TENSILE TEST RESULTS OF S/N 1 TPA
" "DIE FORGING P/N 1138578 S/N 880012
uTsS TYS % %
SPECIMEN S/N U KSI kST CEL ‘R OF A

888412 142 129 14 36
888412 138 125 13 38
888414 138 126 15 34
888415 143 130 14 35
AVERAGE : 140 127 14 36

*See Reference 5.
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VIII., CONCLUSIONS

The data obtained from the tests described in Section VII were used fo

evaluate the structural adequacy of the TPA S/N 1 rotor assembly.

The turbopump componénts subjected to fracture mechanics analyses
were the turbine discs, inducer, impellers, and épinner.
The turbine discs operate in a gaseous hydrogen environment at

300°R. The mean value of the 60 cycle Ki used in an earlier analysis was 53
KSI v in. , based upon some preﬁiminary test data, and‘the .99-.95 value was
established at 33 KSI / in. , using the ratio of .99-.95 Ki to mean Ki from a
larger sampling of -423°F tests, as.indicated. The latest test results show
a mean value of 60 cycle Ki of 67 KSI /in. , which is considerab]y'higher
than that assumed in the earlier analysis. Consequently, the margins of safety
obtained for the turbine discs are conservative.

| The inducer, impeiferﬁ énd spgnner'operéte in-a Tiquid hydrSQén.»f
environment at approximately -423°F. The mean value of the critical stress inten-
sity factor was assumed to be 71.6 KSI v in., while the .99-.95 value was computed
to be 44.9 KSI v/ in. based upon the available experimental data for pancake forged
material. The critical stress intensity after 60 cycles of operation was found
using a crack propagation equation. The difference between the critical stress
intensity at 60 cycles and one cycle proved to be insignificantf The latest
test data for the pancake forging Show an equivalent 60 cycle mean Ki of 69 KSI
Yin., with a .99-.95 value of 52 KSI v/ in. which is well above the value deter-
mined from available data for pancake forged material, of 44.9 KSI V/ in.; the test
data for the die forging used for the impellers show an equivalent 60 cycle mean
Ki of 54 KSI V"Tﬁ. with a .99-.95 value of 35 KSI v in.  Previous exberimenta]
data for die forged material is not available. These Ki values indicate more

than adequate structural integrity.
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2ND ROTOR INDUCER & IMPELLER INSERT

1138578 : 1138579-1 & -2
—10-3/4"——| fe—12-7/8"
8" 8ll
INPUT 88# ' INPUT 105#
1 '-—8"_——1
Lo f—28"— « ‘ . _
& L~ T
® . UPSET "
U | !
RATIO: 25.5% " :  37.8% '
\\ //
U 3-1/4" | U—E—-S*ET
—10" g & - 13
PANCAKED
8" L ~ ]2" 8"

DRAW | N/ | DRAW



UPSET
RATIO:

31.2%

2ND IMPELLER

1138575
16" —
8"
INPUT 130#
P
7/
BARREL 9-1/2"
SHAPED ‘ :
. .
\‘ =

DRAW

HUB FORMING

4"

1ST IMPELLER
1138576

be—12-1/4" |

~ INPUT 100#

f— g" S
7~

26.5% BARREL

SHAPED

DRAW

8II

8|I

1ST ROTOR
1138577

W N P C—

INPUT 100#

26.5% BARREL

SHAPED

DRAW

8ll

8" -

TYPICAL END
SHAFT
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APPENDIX 3

FORGING DETAILS OF TRY-OUT FORGINGS,

P/N 1138575
P/N 1138576
P/N 1138577
P/N 1138578
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15 September 1971
PPD:mc:N8130:0148

P/N 1138575 (die 2915) - Bottom of T4 Bar:

1. Was upset from 16 to 11 inch x 9 1/2; then was necked back-out
to 8 in. diameter with intermediate re-heat.

2. Hub forged on 12500 1b open hammer. Re-heated.
3. Noted small crack on hub-end and ground out.
4. Long hub drawn again after re-heat.

5. Round hub to 4 in. diameter from 4 in. square. Water cool to
grind-out hub fillet cracks. Hub appears off-center.

6. Die forging planning changed to 50,000 1b hammer.
7. First die forging, followed by grinding of cracks. A large
area of one side had to be ground away. Foreman indicated

forging had been done too cold and metal had sheared.

8. Hit three times on 50,000 1b hammer. Cracks initiated on othe
side of disc. Cooled and sent to grinding. ‘

9. Subsequent forging broke off a piece of disc and part was
scrapped.

10. Second try out planned utilizing 25°F higher forging temperature
(1800°F instead of 1775"F and limit number of blows to 3 from 6).

23




15 September 1971
PPD:mc:N8130:0148

P/N 1138576 (die 2916) - Bottom of T Bar:

1.

Was

upset from input length to 9 inch; re-heated and then

drawn back to original diameter.

Heavy blows of cross forged multiple while upright in die;
two very small cracks noted but forge as is while near finish
size. Cracks ground out prior to finish forging. Ready for
finish die.

Hit

Hit

Hit

. Hit

Hit

Hit

five blows - re-heat.
five blows - re-heat.
twice - almost done.
eight blows - flash formed - re-heat.
ten blows -~ re-heat.

ten blows. Completed and ready to cut.
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15 September 1971
PPD:mc :N8130:0148

P/N 1138577 (die 2917) - Bottom of T2 Bar:

1.  Upset from input length to 9 inch in four blows;
draw out to 8 inch diameter. Small cracks in end.
Ground out, dye pernetrant inspect and re-heat.

2. Die forge single hub. Re-heat.

3. Hit four blows - hub off-center; re-heat.

4, Six blows - re-heat.

5. Three blows - grind fillet cracks.

6. Five blows - almost done; small hub needs more filling.

7. Ten blows - re-heat.

8. Completed and ready for cut.
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15 September 1971
PPD:mc:N8130:0148

P/} 1138378 (die 2918) - Top of T Bar:

1.

Upset from input length to 8 inch in six blows - re-heated,
then drawn out to eight inch diameter. Small cracks in one
end - grind out, die check and re-heat.

Pancake to 3 1/4 inch - some cracks in 0.D. Cross forging
complete. Cool.

Placed into finish die - 8 blows - re-heat. Inner rib not yet
filled.

Eighf blows - re-heat - small cracks noted.
Forged and re-heated twice - still not filled.

Eleven blows - completed. Sandblast and ready for cutting.
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E.

15 September 1971
PPD :mc :N8130:0148

P/N 1138575 S/N 3 - Bottom of T4 Bar:

1.

10.

11.
12.
13.

14.

15.

16.
17.

18.

19.

"Cross forging and hub forming completed successfully. Ready

for blocking dies.
Five light, and one heavy blow in 25,000 1b hammer.
Hit 5 blows - barreling out. Re-heat.

Two blows - main body upsetting complete. Ready for finish
dies; no cracks.

Five heavy blows - re-heat. ©No cracks.
Five heavy blows - re-heat. No cracks.
Five heavy blows - re-heat. ﬁo cracks.
Furnace checked at 1807°F.

Reversed dies so that small hub facing up.'

Five heavy blows - small cracks around small hub fillet -
hot ground and re-heat.

Five blows - no cracks.
Four blows - no cracks.
Six blows - no cracks.

Small hub was not filling, even with five more blows. Move
dies to 50,000 1b hammer.

Part placed in larger furnace neater 50,000 1b hammer.
Temperature checked at .1801°F.

Four blows on 50,000 1b hammer - still hub not filled.
Seven blows - not filledf

Forging was stopped in 6rder to vent 2915 dies. Small hub was
squared off so that it can come up evenly.

Two heat-ups and forging cycles completed part. Cool.

.~ 463



APPENDIX 4

ARCTURUS FORGING PRACTICE

P/N 1138575
P/N 1138576
P/N 1138577
P/N 1138578
P/N 1138579
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FORGINGS - ARCTURUS 2915-MP-1000
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IMPELLER - SECOND STAGE
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ARE ON FILE AT ARCTURUS MANUFACTURING CORPORATION,
-~
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1.0 SCOPE: This spec1f1cat1on shall apply to material utilized in the forg1ng
_of the following parts

ANSC P/N - . T Arcturus Die #

1138579-1 "C"........ rreeeeeeiaa, eeeee. . X=292
1138579-2 "C" v vvveervnneennn S, X-293
1138575-1 "D"......... e e 2915
11385761 "E" . vvveerrennnnnneeennn. e 2916
1138577-1 "D"........ e e 2917
T138578-1 "E™ e iveeirrnnneenennnnnnnns ...2918

2.0 REFERENCE DOCUMENTS: ANS-90295A, AMS 2249, ANS 90296, ANS 9032, MilL-1-6866,
. MIL-I1-8950, FED-STD-184, MIL-STD-129.

-3.0 MELTING PRACTICE: Material shall be produced by mu1t1p1e melting useing the:
A consumable electrode practice with both melting cyc]es performed under
vacuum conditions. _

4.0 - COMPOSITION: Composition of material shall be as follows:

. Element : ' - Percent
- ‘ Min. . Max.
‘ Aluminum 4.70 5.60
+ Tin ' ‘ - 2.00 3.00
Iron o ' LT 0.25
- Oxygen - o 0.12 .
Manganese o o 0.03
Carbon - . 0405
Nitrogen _ o _ 0.04
Hydrogen - 0,0125
Other elements, each v ©.0.05
Other elements, total 1/ o 0.20
‘Titanium L ~ Remainder

1/ Need Not Be Reported-
SECTION T1: REQUIREMENTS

5.0 MATERIAL: The ingot used for production of bars and billets shall be
composed of pure, virgin master alloying materials and titanium sponge
conforming to ANS-90296. No scrap (internally generated or otherwise) shall
be used in the production of material supplied to th1s specification.

6.0 PRIMARY MELTING CYCLE:

6.1 Vacuum Control: The vacuum Tévé] shall not exceed 1000 microns.

6.2 Water,Leakage: There shall be no water leakage during the melting operation.'

6.3 Power Control: There shall be no power 1nterrupt1on other than momentary
interruptions due to transient arch characteristics during melting.
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7.0 SECOSDARY MELTING CYCLE:.
7.1 Vacuum Control: The vacuum level shall not exceed 1000 microns.
7.2 Mater Leakage: There shall be no'water leakage during or after the melting
period.
7.3 Power Control: There shall be no interruption of power dur1ng'the melting
- cycle, except the gradual power reduction required to control the size and
. shape of shrinkage cavity.
8.0 WELDING:
8.1 MWelding Process: A11'we1din§‘procesées needéd_fé"aSSémbTé'tﬁé“§1e¢tfddéf
o shall be performed in an inert atmosphere using welding methods which
preclude the possibility of contaminating the electrode (ingot) with high
density we]d1ng electrode debris (such as tungsten inclusions), slag and -
' ox1des _
8.2 -Preparation of Electrodes: Welding on the electrodes for the final melt

9.0

10.0
10.1
11.0

12.0

13.0

cycle shall be Timited to the welding of the stub to the ingot. The stub
shall not be used for the production of b1]1ets nor sha]] the stub weld be
melted during the secondary melt. .

CLEANING AND COATING: The cast electrode shall be cleaned between the

primary and secondary melting cycles to insure that undesirable surface
features remaining on the electrode are removed. Cleaning may be accomplished
by water spray and pickling methods. Abrasives (such as sand, metal or

glass shotg shall not be used for cleaning the electrode. A su1tab1e

coating shall be app]ied to the ingot for primary ingot reduction.

PROPERTIES: The ingot, assembled and melted as specified in 3.0 shall

be worked, pressed, forged or swaged, as required, to obtain minimum billet

grain size.

~ .

Macrograin Size: 'Macrogra1n size for bars and billets shall be 0.25 inch

maximum. Variation of macrograin sizes shall not be banded or grouped w1th
predominant grain size variation limited to 0.125 inch.

DIMENSIONS AND TOLERANCES: D1mens1ons and tolerances shall be as spec1f1ed

in the contract or order. ' The billet shall be furnished round with a maximum
diameter of eight inches. ,

SURFACE QUALITY: The bars and b111ets shall be free from surface imperfections

as determined by penetrant inspection. The acceptance level shall conform
to ANS-9032-1. Surfaces to be penetrant inspected shall not be subject to
particle impact cleaning. .

INTERNAL QUALITY: The material shall be uniform in quality and condition,
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and free from porosity, cracks, pipe, high or low density inclusions and
“any evidence of enfoliations. Ultrasonic inspection acceptance criterion
shall be-3/64 inch (No.3) flat-bottomed hole single point indication on the
full metal thickness. : '

14.0 IDENTIFICATION: The material shall be identified in accordance with
- . FED-STD-184 and shall include the following, in the order listed:

- (a) Alloy identification
§b§ Ingot number
c). Bar or billet location
d) - Bar or billet serial number
(e) Name or trade mark of manufacturer
§f Purchasers name or trade mark
g

Purchase order or contract number
SECTION 2: QUALITY ASSURANCE PROVISIONS"
15,0 SUPPLIER RESPONSIBILITY:

215.1 Inspection: Unless otherwise,specified, the supplier is responsible for the
performance of all inspection requirements as specified herein and may use
any facilities acceptable to the Aerojet Nuclear Systems Company (ANSC).

15.2 Procedures and Instructions: The supplier shall provide processing procedures
or instructions to insure compliance with these requirements, copies of -
which shall be submitted to ANSC for review and approval prior to processing.
These procedures or instructions shall be in sufficient detail so as to
enable future reporducibility of material to the same processes. Copies
of these procedures or instructions and records of conformance shall be
retained for a period of seven years and identifiable to the specific ANSC
purchase order. = ' ~ :

15.3 Reports: Unless otherwise specified, the supplier of the product shall
furnish with each shipment three copies of a report giving, where applicable, .
- the actual values obtained as a result of tests verifying conformance to
the requirements of this specification. Separate reports shall be submitted

for each 1ot of material. The reports shall include at least the following
information: ‘ '

(a) Raw material certifications for alloying materials (aluminum and tin).
(b) Certification to speci%ication ANS-90296.

(c) Macrostructure photographs and macrograﬁn size determinations, each
bar and billet. : ‘

(d) U]trasonic‘fnspection noise levels and results for each bar and billet;
" the amount of cropping and types of indications {except end concavity
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- not in excess of normal mill prectice).
(e) Chemistry, representing billets identified relative to ingot location.
(f) Diagrams of billet and bar Tocations relative to the ingot, showing
~ the billet location within the ingot and bar location within the billet

identified from top to bottom of the ingot. The location shall be
identified on the requived certifications and test reports.

(g) A1l .information required in 14.0

(h) Processing procedures.

16.0 LOT: A Tot shall consist of material from the same ingot of the same
configuration and size and processed at the same time.

4

17.0 VERIFICATION:

17.1 Material: The processing procedures supplied as specified in 15.2
shall be reviewed to assure compliance with material requirements of
5.0. S : ‘ - » .

17.2 Chemical Composition: A chemical analysis shall be made from bars or
.b1]£ets in accordance w1th AMS-2249 and shall conform to requ1rements
of 4.0 _ -

17.3 Heats: The supplier shall provide processing procedures or instructions
and certify compliance with these requirements, copies of which shall be -
submitted to ANSC for review and approval. The process controls shall
provide for the 1nspect1on of anomalies that are cause for rejection of
the heat.

17.4 Welding: The supplier shall provide processing procedures or instructions
and certify compliance with these requireménts, copies of which shall be
submitted to ANSC' for review and approval. The procedure shall provide for
the inspection of anomalies that are not acceptable.

17.5 Cleaning: The suppliers process procedures or instructions shall 1nc1ude,
provisions for cleaning, to comply with 9.0. :

17.6 Pfoperties: The supplier's procedures and instructions shall include the
- provisions to obtain minimum grain size in comp]iance with 10.0.

17.7 Dimensions and Tolerances: Bars and billets shall be exam1ned to verify
conformance to dimensions and to]erances as specified in the contract or
purchase order. :

17.8 Penetrant Inspection: Bars and billets shall be penetrant inspected in
accordance with MIL-1-6866, Type I, Method C using penetrant conta1n1ng
sulfur and chlorine not exceed1ng 50 parts per million (PPM)
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17.9 Microstructure and Workmanship:

17.9.1 Macroetch Sample Preparation and Inspection: The top and bottom slices

of each billet produced from the ingot, suitably identified by billet
numbers, shall be macroetched and photographed. Each slice, so parted,
shall be identified as to alloy, ingot number, and bar or billet location.
Photographs of all billet macros. identified to alloys and ingot numbers

- shall be submitted to ANSC with copies of certifications and test reports.
On the basis of the macroetched surfaces, billets sha]] be inspected for
conformance to Section 1 requ1rements

]7 10 Ultrasonic Inspect1on Bars and billets shall be 1atoe turned prior to

uTtrasonic inspection. The surface finish of the lathe turned billets shall

‘- ~be 125 RMS or better. Inspection shall be of the immersion type using

both longitudinal and shear wave. techniques by scanning of the bars while
the bar is simultaneously turning and the carriage carrying the inspection
head is traveling along the axial length of the bar. Inspection shall be
performed in accordance with MIL-I1-8950, except that, when the instrument
is set so that the first back-reflection from the correct test block is

at 80 percent of the screen saturation adjusted for non]inearity, the
material shall be inspected for loss of back reflection. Any loss in back ,
reflection in excess of 50 percent of full saturation o. the screen shall- be
considered not acceptable. ) : : -

- 17.1001 Noise Level: "Theinoise;]eye]ifgr'eech“ber_ahd7bf1]et'§ha1]_pe;recgrded

and reported.

17.10.2 Calibration Standard: The standard used for equipment calibration shall

- be fabricated from a bar or billet selected at random from the inspection
lot. The reference notch in the calibration standard for shear wave
inspection of bars up to 4 inch diameter shall be machined to a depth
bf 3 to 5 percent of the full metal thickness. The reference hole in
the calibration standard for shear wave inspection of b111ets shall be
machined to a depth of 0.250 inches. -

17.10.3 Procedures: The'supp11er sha]] prov1de u1trason1c testing procedures

or instructions to insure comp11ance wwth these requ1rements which shall
be submltted to ANSC for review. : :

.17.10.4 Rework: Bars or billets giving ultrasonic ihdications of rejectab]e

17.11

.

SECTION 3 - PREPARATION FOR DELIVERY

porosity, laps, voids, enfoliation, center bursts, inclusions and
detectable segregation may be used provided that areas showing these
conditions have been removed, verified as to type, and end faces of removed

. sections have been etched and found to be free from defects. The
certification or test reports for the remaining billets shall record the
information relative to the rejection of any other portion.

Identification: Bars and billets shall be visually inspected to verify
conformance to Section 1 requ1rements
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18.0 PACKAGING: Each product shall be packaged to prevent damage dur1ng
Eand11ng and sh1pp1ng

. 18.2 Mark1ng Containers shall be marked in accordance with Standard MIL STD- 129
Mark1ng sha11 include the following information:

- (a Manufacturers name
Material identification
c) Lot number and heat number
Bar or billet serial number(s)
-(e) Purchase order number

-SECTION 4 NOTES

19.0 INTENDED USE: Material produced-to this specification is intended for
' use in critical, cryogenic rocket vehicle components, requ1r1ng high
re11ab1]1ty and operat1ng in the temperdture range of +90°F to -423°F,

19.1 Ordering Data: Procurement documents should spec1fy the fo]]oW1ng information:

(a) This spec1f1cat1on number
ib Size and shape,.as required E ; s
c ?ua1ity Control Standard Clauses ' : ,

1) Source surveillance
2) Source acceptance :
3) Source inspection - Government.
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XV, et
.C&%jﬁﬁﬁ%iﬁéé\ ' Forging Furnace Control 1ssUED  8/10/71
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1.0 SCOPE: This procedure sha]] be fo]]oWed in utilizing equ1pment for
~heating the parts for forg1ng referenced on the title page.

2.0 REFERENCE” DOCUMENTS : Arcturus Quality Assurance Manual, MIL-H-6875D.

3.0 IDENTIFICATION OF EQUIPMENT: Arcturus Furnace #25, a gas fired furnace
with two zone control, shall be utilized in heat1ng the subject parts for_ _
forging. Burners are L&N Speed-0-Max controllers-recorders, with series 60 -
- controllers. N.A. flat flame-excess air types.

3.1 Temperature control on Furnace #25 is ma1nta1ned by 2 Ray-C-Tube thermo-piles,
located at the front and rear of the furnace. . .

4.0 RESPONSIBILITY: The respon5f5111ty for conducting the necessary furnace
calibration and surveys, together with routine chart and battery rep]acemﬂnb,
shall rest with the Quality Control-Department.

5.0 TEMPERATURE UNIFORMITY: The furnace and controlling instruments, shall be
. calibrated at 180QVF., and temperature uniformity throughout the furnace
shall not exceed + 20 deg. F. The furnace shall be surveyed at thirty
(30) day intervals.: Suitable labels showing date, furnace number, company
certifying, and individual certifying, shall be p]aced on each 1nstrument

at time of survey.

6.0 CERTIFICATION: Certification of thé above shall be maintained on record at
Arcturus. A K A
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2.0
3.0
4.0
4.1

5.0

5.1.

5.2
6.0

6.1
6.2

7.0

7.1
7.2

8.0

9.0

J,EZf””é7f5‘X Forging Heating Procedure issuep 8/10/71

MFG. CORP. ' ANSC 5AL-2.5 Sn ELI Forgings revision N/R '
OXNARD, CALIF. : ANSC 90297 A : pace 1| of 1

1.0 ACKNOWLEDGEMENT & SCOPE: This procedure shall be followed in heating

muitiples for forging after release and transfer of the mu]t1p1es per

" Arcturus Process Procedure ANSC MS-1000.

REFERENCE DOCUMENTS:  Arcturus Qua11ty Assurance Manual. Arcturus Form
#F-1001. . : _ .

RESPONSIBILITY: It shall be “the respons1b111ty of the forge shop super-

intendent to carry out the heating practice in accordance with th1s procedure.

FURNACE CONTROL: Furnace #25, as described in Arcturus procedure ANSC-
FC-1000, shall have controls set at 1775 deg. F.

Furnace Uniformity: Before loading of multiples, furnace temperature
must even out. Uniform temperature through-out shall be achieved.

LOADIAG OF MULTIPLES: Cut multiples shall be Toaded in accordance with-
the fo]]oW1ng procedure. .

-

Multiples shall be loaded in serial number sequence.

A record of loading sequence shall be ma1nta1ned on Arcturus furnace
loading form #F1001.

LOADILG'OF CROSS WORKED MULTIPLES: Cro>s worked mu1t1p1es sha]] be loaded

. 1n accordance with the following procedure.

Crossworked multiples shall be loaded in serial number sequence.

A record of loading sequence shall be ma1nta1ned on Arcturus furnace .
load1ng form #F1001. :

LOADING OF PARTIALLY FINISHED FORGINGS: Part1a11y finished forgings
shal] be loaded in accordance with the fo]]oW1ng procedure:

Part1a]1y f1n1shed forgings shall be loaded in serial number sequence.

A record of 1oad1ng sequence shall be maintained on Arcturus furnace
loading form #F-1001. _

RECORD OF DATA: In addition to the data maintained on furnace loading
form F-1001, the job number, together with the serial numbers of each

part, shall be entered on each furnace chart. The date also shall be

entered on each chart. ' o

VERIFICATION OF COMPLIANCE A11 recorded data, including furnace loading
charts and recorder charts, will be forwarded to Arcturus Qua11ty Control
for verification of compliance to this procedure.
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1.0
- forging the above parts.

2.0
3.0

4.0

ACKMOWLEDGMENT & SCOPE: The-fo]iowing précedure shall be followed in

REFERENCE. DOCUMENT:  Arcturus Quality Assurance Manual.

RESPONSIBILITY: It shall be the responsibility of the forge shop super—"
intendent to carry out the forging practice according.to this procedure.

EQUIPMENT: .Equipment utilized shall consist of a 25,000# Erie steam
hammer for all forging operations. Cross forging shall be performed
utilizing a set of flat dies. Prefinishing and finishing operations

. shall be performed utilizing dies per Arcturus die drawings.

5.0

5.1

5.2

FORGING: Forging shall be'berformed in accordance with the following
procedure: . ‘

Cross Working: Multiples heated in accordance with the practice outlined .
in Arcturus Process Procedure ANSC-FH-1000 shall be manually transierred,
utilizing hand tongs, from furnace #25 and placed on flat dies installed

in the 25,000# hammer. Cross working shall then be performed. .

Prefinishing: Cross worked pieces, reheated in accordance with the practice
outTined in Arcturus Process Procedure ANSC-FH-1000, shall be manually
transferred from furnace #25 and placed in dies conforming to Arcturus die
drawings. The pieces shall be located in the die and the first hammer

blow shall be made, without any lubricant, to set the piece in position.
Subsequent blows shall be made utilizing a graphite impregnated oil
lubricant flowed ‘on the dies.  The hammerman shall control the intensity

of the blows by observing the flow of metal in the die, so that move heat

is not generated in the piece than is dissipated between blows. Adiabatic

~ heating will result in an unsatisfactory micro-structure. Forging shall

5.3

6.0
60]

cease when it is observed that the last blow has produced no flow of metal.
The hazard of inducing surface or interior cracks emanates at this point.

Finishing: Prefinished forgings heated in accordance with the practice
outTined in Arcturus Process Procedure ANSC-FH-1000, shall be manually
transferred from furnace #25 and placed in finish dies conforming to Arcturus
die drawings. The same precautions and procedures outlined under pre-
finishing above, shall be observed. Cooling after the final hammer operation
shall be performed by quenching in water.

PROCEDURES APPLICABLE TO ALL OPERATICNS:

Reheating: Heat lot and bar lot variations in raw material preclude any
exact definition. of the number of hammer blows and the number of reheats
to complete a part. - The heater shall restamp while hot the serjal number
of each part after each forging operation. When the part fills the cavity
of the die, the hammer operation shall be considered complete.

A‘i.- . 1;255
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6.2.

Procedure if Cracking Occurs:‘vThe hammerman shall visually inspect the

part when it is taken out of the dies. Any hairline cracks require the
- part to be sent to inspection so that these cracks do not propagate

into sound metal. If cracking is observed while the part is being forged

in the die, forging shall stop, and the part shall be sent to process
. grinding for removal of the cracks.
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1 0 ACKNOVLEDGMENT AND SCOPE:

~“Procedure ANSC-FP-1000.

This procedure shall be:followed in heat treating
~finish forged parts after forging and processing per Arcturus Process
This procedure shall apply to the fo11ow1ng parts

"ANSC. P/N Arcturus Die #
1138579-1 C - X-292
1138579-2 X-293
1138575-1 D 2915
- 1138576-1 E 2916
- 1138577-1 D 2917
- 1138578-1 E 2918

2.0

REFERENCE DOCUMENTS:
RNSC 90257 A.

.Arcturus Qua]ity Assurance Manual, MIL-H—81200, (

3.0 RESPONSIBILITY:

4.0

5.0

6.0

~ cooling to room temperature shall be in air.

7.0

It sha]l be the responS1b111t/ of the heat treat processor
to carry out the heat treating pract1ce according to this procedure

EQUIPHENT: Vacuum armealing equipment and controls shall be as follows:

4.1 IPSEN e]ectrioa]Ty heated furnace with 48" x 60" retort chamber.
4.2 Honeywe]] Control Pyrometer #A0275789015

TEMDERATURE UNIFORMITY: Temperature uniformity shall be within + 25 F

of the 14000F temperature used as determined by periodic 30 day surveys.

PROCEDURE Parts sha]] be p]aced in a retort of adequate size for the
Toad. A vacuum of 0.1 micron or less is pulled on the retort and the
retort is heated to 1400°F + 25°F. Time at temperature shall be one (1)
hour minimum. Furnace shall then be cooled to 300°F. maximum and final
Temperature profile
verification on actual parts shall be by recorded chart by thermocouple

in contact with one part in the load.

RECORDING OF DATA: 1In addition to the data maintained on the heat treat

vendors work order, the following information is to be supp11ed on the

furnace chart

8.0

HOISONT.

IS A X

ARCTURUS e
" H.e T, VNDO
METER
1 CHARI CF: 0, T Vs ',‘.‘
! NG Cu Co i TMATE TR OF L G
CIG AT . st L8 s
LLL TS e
Ve TH FCL L o

VERIFICATION OF COMPLIANCE: -All recorded ‘data, 1nc1ud1no furnace charts, R
shall be forwarded to Arcturus Quality Contro] for ver1f1cat10n of cowo]1ance

to this procedure : o
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1.0 SCOPE: "This procedure shall.apply to the testing of the parts referenced
‘ on the title page of this manual. o -

2.0 REFERENCE DOCUMENTS: Arcturus Quality Assurance Manual, ANSC 90297 A, ASTM
E8, FED-STD-15T. o o ' o

3.0 PRE-PRODUCTION QUALIFICATIONS: After forging design and procedures have
. been established, one forging from each of the parts referenced on the title
page shall be destructively tested, after heat treatment per ANSC-HT-1000,
in accordance with the following procedure. '

’ 3.f’iﬂgchanica1 Pro@ertz»RequirzTiigéz Four test blanks shall be cut from the
Jocattons—designated on the—ATSC drawings for each of the parts referenced
on the title page of this document. After machining the bars and tensile
testing at a strain rate of 0.005 + 0.002 inches per inch per minute
through the yield strength, and then increasing the strain rate so as to
produce failure in approximately one additional minute, the following
minimum properties shall apply in all directions.

U.S. psi Y.S. psi D% IR:A. |
110,000 100,000 - 12 25 :

3.2 Micrpsf?az;;;EZ;>Examination for microstructure shall be in accordance
- NIIH paragraph<7.2 of -ANSC 90297A. The microstructure shall indicate
that the forgings have been finished forged at a temperature below the
‘beta transformation temperature and that no subsequent thermal treatment
above the beta transus has been applied. The microstructure shall be

uniform and_jndicate a wrought structure.

3.3 Macrostructure: Y Examination for macrostructure shall be in accordance
! arag .7.3. of ANSC 90297 A. The macrostructure shall show no
evidence of gross alloy segregation. Grains of similar size shall be
distributed at random and not oriented in bands. :

4.0 PRODUCTION TESTING: Production testing of each part shall include the
requirements of paragraph 3.1 above. The requirements of paragraph 3.2
‘and 3.3 shall not apply. - : . : :

5.0 REPORTS: Test results as obtaihed above shall be’reported fo Aékojet on
Arcturus Form #19829. Three copies of this document shall be furnished
to Aerojet attesting to conformance of ANSC 90297 A. These reports shall
include the purchase order number, specification number and miil heat
number and location and orientation-by S/N of each forging with respect
to its bar. - - ' _— : .

6.0 REJECTIONS: Forgihgé not'conforming‘to this'specificatidn or to authorized
modifications shall be subject to rejection. . J
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w
1.0 This procedure describes in detail the process of ultrasonic inspection of
the parts referenced on the title page of this proCedure.
2.0 Equ1pment shall be as fo]]ows
a. Sperry Type UM 721- 10N instrument
b. “Automation Industries 1ithium sulfate transducers.
c. MWater tank and water filter.
d. Test blocks, Alcoa series, with the following hole sizes and metal
* travel . distances. (for qualification of equipment)
Hole Sizes . Metal Travel Distances
2/64" . N 6", 3", 3/0" 1/2", 1/4"
4/64
e. Test blocks, 4340 mater1a1, with the following hole sizes and
\ metal travel distances., (for scanning of parts)
N Hole Sizes '  Metal Travel Distances
3/64", 5/64" - . ]/Sll", ]/4!1, ]/2", 3/4||’ ]n’
N ] ]/411 'I ]/2”, 'l 3/4u».
3.0 “Equ1pment qua]1f1cat1on shall be as fo]]ows ' ‘
a.' Reso]ve a 2/64" flat bottomed hole at the followina frequencies
‘and metal travel distances. (a) 0.75“ at 2.25 MC, (b) 0.50" at
5 MC (c) 0.25" at 10 MC. '
b. ,Determ1ne the resolution of a 2/64" flat bottomed ho]e with a
.. 3/4" transducer and an incident anale of 0°. Adjust the flat
bottomed hole response for an amplitude of 50% saturation. With
this condition, a minimum of 40% of saturation of the flat bottomed
hole indication shall be separated and clearly distinguishable from
~the front surface indication. Resolve a 2/64 inch flat bottomed hole
at a metal travel of 6 inches, indicating a minimum response of 50%
-saturation so that base Tine noise level shall not exceed 5% of the
amplitude of the flat bottomed hole response. - A minimum siagnal change
of 50% of saturation shall be demonstrated betueen response from a
2/64 inch and a 4/64 inch flat bottomed hole at a meta] trave] of .
~ three inches. .
o 4.0 Parts inspected shall be scanned usina the following brocedure. Both

longitudinal and shgar wave_techniques shall be used.

o

a. Care shall be exercised to maintain surfaces free of grease, oil,
paint or any other contaminants.  Surface finish shall be 125 RMS
maximum, ' . '

b. In'standardizihg'the instrument for the search scan, a 2/64" flat

bottomed hole with a metal travel- distance of '1/2", shall be displayed
at an amplitude of 50% of full scale deflection (approx. 1").
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c. In scann1ng the part, crystal overlap shall be maintained at 3/16"
maximum. = Scanning speed shall be maintained at one inch per second
maximum. Parts shall be scanned in accordance with the scan plan.
Water. travel distance from the transducer to part undergoing test
shall be adjusted so that the second front reflection does not

“appear between the first front and first back reflection. Maintain
the same water-travel distance for both scandard1zat1on and inspection
procedures within p]us or minus 1/2". :

5.0 PRODUCT EVALUATION SHALL BE AS FOLLOWS:

a. Use reference blocks of the same mater1a1, shape, and cona1t1on as the
parts being 1nspectea

b. Match as closely as poss1b]e the response of the flaw to that of one
- of the above blocks. Diameter and depth may not be determined within
the limits of the b]ocks

© 6.0 ACCEPTANCE STAMDARDS:

6.1 Class: The following class shall apply.
6.1.1 Class AAA: ;

S 6.1.1.1 No flaw indications exceeding'zs% of the response from a 3/64
inch diameter flat bottomed hole are acceptable.

6.1.1.2 Flaw indications in excess of 10% of the response from a 3/64
~inch diameter flat bottomed hole sha]] not have their centers c]oser
than 1 inch.

6.1.1.3 No drop in back ref]ect1on of 20% or greater than cannot be .
be attributed to surface condition or abnormal test condition is
acceptable.

| 6.2 Rejection Criteria:

6.2.1 Material exh1b1t1ng flaws in excess of above requirements for
‘ - the app]1cab1e class shall be rejected except as descr1bed in

NI S :
6.2.2 Flaws in excess of the acceptance limits’ sha]] be allowed if it

is definitely established that they will be completely removed by
future machining or cutting operations.

6.3 Materjal Dispdsition Control:
6.3.1 ReJected material shall be hand]ed by the MRB system.

7.0  MARKING: A1l defects shall be Tocated on the part with a symbo] t(:i_hav1nq a
: 1/2 inch’ d1ameter center or a «‘=~haV1ng 1/2 1nch max1mum d1mens1ons The
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center of the mark is to be as close as poss1b1e coincident with the
projected center of the defect, and the depth from the surface shall be
shown adjacent to the mark Acceotab]e parts shall be stamped with an
A-4 stamp.

8.0 PRIMARY STANDARDS: Instruments and gauges shall be periodically tested
- - for accuracy and shall have properly stamped labels attached to them
showing date of last inspection and date of next inspection.

9.0 REFERENCE DOCUMENTS: MIL-I-89508B.

431
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